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JuNE 1958 


THE INSTITUTE OF PETROLEUM 


AN Ordinary General Meeting of the Institute of Petro- 
leum was held at 61 New Cavendish Street, London, W.1, 
on 4 December 1957, the Chair being taken by J. S. 
Parker, a member of Council. 


The General Secretary read the minutes of the previous 
meeting, which were confirmed and signed as a correct 
record. He also announced the names of members elected 
since the previous meeting. 


The Chairman, introducing the author of the paper to 
be presented, said: 


Mr Downs is a B.Sc. in Engineering, with First Class 
Honours; he joined the experimental laboratory of 
Ricardo and Company and has been engaged in investiga- 
tion of gasoline engine performance and various aspects 
of the applications of fuel and lubricating oils to the 
internal combustion engine. Since 1947, he has been 
in charge of a department, having special responsibility 
for these things, and in 1957 was appointed a director of 
the company. Mr Downs is also the author of a number 
of papers on engine combustion and lubrication problems. 


The following paper was then presented in summary. 


RECENT ENGINE DEVELOPMENTS IN RELATION TO FUELS AND 
LUBRICANTS * 


By D. DOWNS + (Associate Fellow) 


INTRODUCTION 


THE internal combustion engine as a prime mover 
has been in use now for some 80 years, and 1959 will 
see the hundredth anniversary of the sinking of the 
first oil well in the U.S.A. It might have been ex- 
pected, therefore, that the pattern of engine develop- 
ment, on the one hand, and of petroleum usage, on 
the other, would have settled down by now into a 
fairly rigid mould. This is very far from being the 
case, however, and, stimulated to some extent by the 
increase in research activity during and after the 
second world war, the production and user pattern is 
in as fluid a state now as it has ever been. A number 
of the current developments in engine design are, in 
fact, such as to disturb the existing pattern of supply 
distribution between the various types of prime mover 
and the various grades of petroleum fuel. These 
changes pose problems for both the oil supplier and 
the user which will demand their combined efforts 
and goodwill to overcome. This would seem, there- 
fore, to be a useful time to attempt a review of these 
developments with the object of divining the future 
trends. The present paper makes no attempt to be 
exhaustive, but attention has been concentrated on 
those fields where change is more evident and where 
the author has greater personal knowledge of develop- 
ments. 


THE SPARK IGNITION ENGINE 


Compression Ratio 


In the spark ignition engine field there has over a 
long period been a steady rise in compression ratio 


and a corresponding increase in the O.N. of the gaso- 
line used. Engine efficiency increases with com- 
pression ratio, but as Fig 1 shows, it is a law of 
diminishing returns. The top curve shows the rela- 
tionship between the theoretical air standard efficiency 
and compression ratio. The next curve shows the 
indicated thermal efficiencies actually obtained on the 
Ricardo E.6 variable compression engine over the same 
range of compression ratio. It can be seen that the 
relative efficiency of actual/theoretical remains fairly 
constant over the compression ratio range. 

The actual brake thermal efficiencies will be some- 
what lower than the indicated efficiencies due to 
friction, and this, like the efficiency, will increase with 
compression ratio. It is perhaps unfair to assess the 
effect of compression ratio on a variable compression 
engine because this type of unit, built to withstand 
the high pressures associated with the high compres- 
sion ratios, will penalize the relative performance at 
low compression ratios due to the high friction of its 
necessarily large bearing areas.' For this reason the 
brake thermal efficiency curve of Fig 1 has been 
derived from the indicated curve using, not the 
friction figures obtained on the E.6 engine, but those 
derived by Bastow * from multi-cylinder engines of 
various compression ratios. It can be seen that the 
mechanical efficiency decreases only slightly, from 
90 per cent at a C.R. of 5 to 88 per cent at a C_R. of 
16. The improvement in brake thermal efficiency on 
increasing the compression ratio from 5 to 15 is 
40 per cent, a figure in good agreement with that 
derived by Withers and Eatwell.* 

All these figures are for maximum efficiency at full 
throttle, but it must be remembered that the petrol 


* MS received 15 October 1957. 


+ Ricardo & Co., Engineers (1927) Ltd. 
N 
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road vehicle spends a large proportion of its time at 
part throttle, where the mechanical losses loom 
relatively larger and where their increase due to 
compression ratio is more important. This is illus- 
trated by the lowest curve of Fig 1, which shows the 
brake thermal efficiency curve for } load flattening 
off more markedly at a compression ratio of 15 than 
the corresponding full throttle curve. 

Fig 2 shows how compression ratio has increased 
in British vehicles 4 compared with those made in the 
U.S.A.5 It can be seen that in 1954 the average 
compression ratios of British and American cars were 
very similar. Since then, however, compression ratio 
has risen much faster in America than in the U.K. 
and the average compression ratio of 1957 vehicles 
was 8-75 in the U.S.A. as compared with only 7-65 
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EFFECT OF COMPRESSION RATIO ON THE THERMAL 
EFFICIENCY OF A SPARK IGNITION ENGINE 


in Britain. The O.N. of premium fuel in Britain is 
very similar to that in the U.S.A., although British 
regular grade fuel is some 8 O.N. lower. This latter 
fact may tend to retard the increase in compression 
ratio in the U.K., as some of the more popular cars 
are designed to use regular rather than premium 


grade fuel. Apart from this, there seems no reason 
why compression ratios in Britain should not rise as 
high or higher than those in the U.S.A. For one 
thing, British cylinder sizes are smaller and engine 
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Fie 2 


INCREASE IN COMPRESSION RATIO OF PETROL ENGINES IN 
GREAT BRITAIN AND THE U.S.A. IN RECENT YEARS 


speeds are higher, both factors tending to reduce 
octane requirement. Against this must be set, first, 
the widespread use of automatic transmissions in 
America, which restrict full throttle low speed opera- 
tion, and secondly, the generally lower load factor 
at which their engines operate. This latter considera- 
tion, besides reducing octane requirement, enables 
the American designers to use lighter scantlings for a 
given compression ratio. With the increasing use of 
common cylinder and crankcase units for both petrol 
and diesel versions of essentially the same vehicle 
engine, however, there seems no reason why the 
petrol version need be restricted on mechanical 
grounds from using the highest economical compres- 
sion ratio. 

Looking ahead, therefore, it would seem reasonable 
to expect that compression ratios in the U.K. would 
rise to the present American figure of 8-75 and beyond 
to about 10, which there is a good deal of evidence 
to suggest is the figure which it will be possible to 
use with the 100 O.N. fuels now being marketed in 
the U.K. and the U.S.A. 

Fig 1 suggests that a further gain in brake thermal 
efficiency of 8-5 per cent could be obtained by raising 
the compression ratio from 10 to 15, after which point 
the gains to be obtained seem very small, particularly 
if part load running is also brought into consideration. 
The O.N. required to satisfy an engine operating at a 
compression ratio of 15 is a matter of conjecture. 
Extrapolating figures obtained on the E.6 engine 
gives a value of 110 for a compression ratio of 12-5, and 
this agrees with other estimates.6 The gain in brake 
thermal efficiency on increasing the compression ratio 
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RELATION TO FUELS AND LUBRICANTS 


from 10 to 12-5 is 5 per cent, and so to be economic 
the price of the fuel required to satisfy the higher 
compression ratio must not be more than 5 per cent 
greater than that for the lower. Taking as a basis 
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THE EFFECT OF COMPRESSION RATIO ON THE ECONOMIC 
PRICE INCREMENT FOR GASOLINE ABOVE 100 O.N. 


a 100 O.N. fuel retailed in the U.K. at 5s 14d per 
gallon as satisfying a 10: 1 C.R. engine, Fig 3 shows 
the maximum increased price which it would be 
economic for the customer to pay for fuel fully 
satisfying a 12-5: 1 and a 15: 1 compression ratio car. 
Figures are also given for the same fuel, assuming 
that it was marketed without the present tax of 
2s 6d per gallon. It can be seen that were it not for 
the high rate of motor tax, the economic price incre- 
ment for the higher octane fuels would be halved. 
High tax, therefore, puts a premium on fuel quality, 
but it is not yet clear whether the oil companies can 
produce a fuel of the required O.N. at a price which 
it would be economic for the customer to pay. 

So far there is little sign of a special combustion 
chamber being developed for high compression ratio 
engines. Most of the chambers in use are adaptations 
of standard forms with the clearance volume suitably 
reduced. The side valve engine becomes very rough 
and noisy above a compression ratio of about 7, and 
is also restricted in its breathing at high speed. This 
form has, therefore, virtually disappeared. Most 
combustion chamber shapes are variants of the in- 
clined ‘‘ bath tub” or “ F”’ head, and these perform 
satisfactorily provided care is taken to avoid masking 
the valves and thus impairing the volumetric effici- 
ency. The hemispherical head, long thought the 
ideal at lower compression ratios, loses much of its 
attraction at higher compression ratios, where to 
reduce the clearance volume it is necessary to dome 
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the piston, thus giving a rather unattractive “ orange 
peel’’ shape, which is also poor from the octane 
requirement point of view. The special combustion 
chamber used by the Rover Company (Fig 4) is an 
example of a design which seems to suffer least dis- 
tortion of combustion chamber shape as the compres- 
sion ratio is raised. A form of combustion chamber 
having an ante-chamber, as on some types of diesel, 
has sometimes been suggested as the best means of 
disposing of the small clearance volume associated 
with high compression ratios.? Combined with petrol 
injection, this would also hold out the possibility of 
improving efficiency by means of charge stratification 
at light load. 

The high compression engine will undoubtedly have 
its special fuel and lubricating oil problems. Such an 
engine will be sensitive to combustion chamber 
deposits, and the higher temperatures both of the 
compressed mixture and of certain sensitive hot spots 
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Fie 4 
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will enhance the importance of the pre-ignition ten- 
dency of the fuel. The higher octane fuels will un- 
doubtedly require high T.E.L. contents for their 
economic achievement. Although British premium 
grade fuel has about the same O.N. as that sold in 
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the U.S.A., the lead content is only about one-half 
that of the American. As O.N. increase, the lead 
content used in the U.K. may be expected to approach 
the American figures. American experience shows 
that engines can be developed to operate happily on 
highly leaded fuel, but improvements in valve material 
and valve design will be required, and one wishes that 
there were more signs of British engine manufacturers 
preparing for this eventuality. 


Petrol Injection 


Few topics concerned with the automobile engine 
have been the subject of as much discussion in post- 
war years as petrol injection. Despite the develop- 
ment of some promising systems, however, it has not 
found general acceptance, except for certain special- 
ized applications. The fact is that the carburettor 
has been developed to give a reasonably satisfactory 
performance and, although petrol injection can be 
shown to do a better job in certain circumstances, 
the extra cost does not warrant the change except in 
special cases. In the aircraft engine field petrol in- 
jection is already well established, and the important 
advantages which it gives from the safety point of 
view are well appreciated, and for that reason it is 
not proposed to elaborate on them here. 

The term ‘ petrol injection”’ is sometimes used 
rather loosely, but it is generally intended to cover a 
timed injection either into the inlet port or directly 
into the cylinder. Some other systems of continuous 
injection might more properly be described as injec- 
tion carburettors. With a timed injection system, 
some 5-10 per cent more power can usually be 
obtained from the same engine due to the absence or 
increased size of the choke tube, the use of larger 
diameter inlet manifolds, and the elimination of the 
necessity for manifold heating by “hot spot” or 
water jacket. Petrol injection per se will not neces- 
sarily give a higher thermal efficiency. In fact, it is 
often difficult to obtain the same thermal efficiency 
with a petrol injection system as with a carburettor, 
due in part to the shorter time available for the mixing 
of the fuel and air in the former case. A better fuel 
economy can, however, result from a better distribu- 
tion of the mixture between the cylinders by per- 
mitting an overall weaker mixture to be used without 
misfiring. This better distribution of fuel between 
the cylinders, coupled with the absence of manifold 
heating and, in the case of direct injection, the 
possibility of using the fuel spray to cool overheated 
parts of the combustion chamber, in general permits 
a higher compression ratio to be used with petrol 
injection for a given quality fuel. This is a further 
source of increased economy. With a petrol injection 
system also, control of fuelling during the over-run 
is facilitated, which not only improves economy, but 
also helps in the reduction of atmospheric pollution. 
Petrol injection, and in particular direct cylinder 


injection, gives improved flexibility in operation, due 
to the instant response of the fuel system to the 
demands made on it by the engine. 

The two-stroke engine shows to particular advan- 
tage with petrol injection because it eliminates the 
loss of fuel during the scavenging process, thus not 
only improving economy, but also enabling the power 
output to be raised by increasing the scavenge period. 
The German Guttbrod and Goliath engines ® are the 
outstanding examples of this line of development. 
Special difficulties in the application of petrol injec- 
tion to two-stroke engines are the high speed of 
operation and fuel control, the induction air flow 
giving little indication of the engine’s fuel require- 
ments. 


Fie 5 
THE SU FUEL INJECTION PUMP 


The system used on the Mercedes 300 SL® is 
probably the outstanding example of direct cylinder 
injection on a four-stroke unit. A Bosch jerk-pump 
injection system is used, as on the diesel engine, with 
a mixture regulator controlled by a pressure-sensing 
unit built into the intake pipe of the engine in place 
of the carburettor. A conspicuous feature of the 
300 SL with petrol injection is its remarkable flexi- 
bility over the speed and load range. 

A direct injection system really demands a com- 
bustion chamber specially designed for it, as it was 
on the Mercedes, and this rather restricts its applica- 
tion. Most of the advantages of petrol injection can, 
however, be obtained by port injection, and this is 
more flexible in its application. Additionally, the 
nozzle, not being exposed to the effects of temperature, 
pressure, and carbon formation in the combustion 
chamber, should have a longer life. Two port injec- 
tion systems which have been developed in the U.K. 
are the SU?° and the Lucas." The former uses a 
multi-plunger swash plate pump of a type first de- 
loped as a fuel feed pump for aircraft engines during the 
war. It was later adapted for timed port injection on the 
Blackburn Bombardier aircraft engine and is now used 
on military vehicles in Britain and the U.S.A. (Fig 5). 
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It is also being developed for use on automobiles. 
The control of fuel delivery is of the speed-density 
type, the pump being engine-driven and its output at 
a given speed being controlled by pressure- and 
temperature-sensing devices placed in the inlet mani- 
fold. This type of system assumes that the air con- 
sumption of the engine is proportional to the product 
of cylinder volume and the pressure and temperature 
in the intake port. It has the virtue of simplicity, 
but is only approximately correct, particularly under 
conditions of wide valve overlap. 

The Lucas system (Fig 6) uses a feed pump to 
supply fuel to an engine-driven distributor which 
meters the flow and passes it in timed sequence to 
each poppet injection nozzle in turn. Control of the 


METERING 
DISTRIBUTOR 


Fie 6 
LUCAS PETROL INJECTION: THE METERING UNIT FOR THE 
JAGUAR SIX-CYLINDER ENGINE 


mixture supplied by the distributor is by a venturi in 
the induction system. This injection system, which 
has been used in the U.K. on the racing Jaguar 
engines, is being exploited in the U.S.A. by the Holley 
Carburettor Co. 

The only American car currently offering petrol 
injection as an optional extra is the Chevrolet,!? but 
this system is really an injection carburettor spraying 
through injectors into the individual inlet ports. 
American Bosch are developing a system incor- 
porating a single plunger pump and distributor.” 
Bendix are developing a common rail system with a 
non-metering fuel pump supplying fuel at 20 p.s.i. 
to individual poppet nozzles which are electromag- 
netically operated, the quantity of fuel injected being 
electronically controlled on a speed-density basis.14 

One potential advantage of petrol injection is that 
it holds out the possibility of enabling one to work 
with quality control through charge stratification, and 
hence achieve a better thermal efficiency under light 
load conditions. Attempts to achieve this have not, 
however, been very successful except on a sleeve valve 
engine, where the regularity of the air movement 
enables the path of the mixture to be predicted within 
limits. With a poppet valve engine, the indiscrimin- 
ate air movement within the combustion chamber 
tends to spoil any pre-set mixture distribution pattern. 
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An attempt is sometimes made to get over this diffi- 
culty by using an ante-chamber, into which the fuel 
is injected, to contain the rich mixture around the 
sparking plug required for light load running. With 
this arrangement it is usually possible to obtain good 
light load running and a good performance at full load, 
but there is an awkward gap in the mid-load range 
where combustion is poor, and which it has so far 
been found impossible to bridge satisfactorily. 

Even if charge stratification were possible, it would 
be difficult to obtain a mixture range loop as good as 
that normally obtained on the diesel engine, with the 
disadvantage in the former case of having to use both 
injection and ignition equipment. On the other hand, 
the maximum pressures, and particularly the maxi- 
mum rate of pressure rise, would probably be lower 
on the petrol injection engine than on the diesel unit, 
and this would give a quieter and a lighter engine. 
There might be more of a case for petrol injection if 
the normal combustion chamber development at high 
compression ratios moved towards an ante-chamber 
design and this was also found suitable for petrol 
injection and charge stratification. 

The effect of the introduction of petrol injection 
on fuel volatility requirements is difficult to establish. 
From the point of view of distribution between the 
cylinders, and because of quicker engine warm-up 
with petrol injection, it should be possible to reduce 
the volatility of the fuel, but there is evidence that it 
would not be possible to go far in that direction with- 
out sacrifice of combustion efficiency. All the petrol 
injection systems are pressurized, and this has led 
some manufacturers to claim that fuel volatility can 
be increased without risking vapour lock. Only ex- 
tended service trials would show whether this was in 
fact the case. 


THE DIESEL ENGINE 
General 


Two important developments of the diesel engine 
in recent years have been the extension of the field 
of utility of this type of unit to the smaller sizes, which 
were once thought to be the exclusive domain of the 
petrol engine; and, on the somewhat larger sizes, the 
increasing use of supercharge, both by positive-dis- 
placement blowers and with turboblowers. Before 
proceeding to discuss these two developments in more 
detail, it might be of interest to consider the funda- 
mental difference in the performance characteristics 
of petrol and diesel engines. For this purpose, some 
figures obtained on the Ricardo E.6 engine with a 
petrol cylinder head at compression ratios varying 
from 5 to 13 and with a diesel head of fixed compres- 
sion ratio and having a Comet Mk. V combustion 
chamber, will serve as an illustration. Of course the 
friction losses of this type of engine are high and the 
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brake performances correspondingly low, but both 
cylinder heads are penalized equally. 
It can be seen from Fig 7 that the power output of 
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Fie 7 
EFFECT OF COMPRESSION RATIO ON THE POWER OUTPUT OF 


THE PETROL ENGINE, SHOWING THE COMPARISON WITH 
THE DIESEL ENGINE 


the diesel engine at a ‘‘ just visible ”’ exhaust smoke 
limit matches that of the petrol engine at a com- 
pression ratio of 5-5 at 1500 rev/min and 7-2 at 2500 
rev/min. No heat was added to the intake air on 
the petrol engine and the volumetric efficiencies of 
the two versions were in very close agreement over the 
speed range. In one sense the comparison is unfair 
to the petrol engine as both versions were restricted 
to the same valve arrangement and cam timing, 
whereas in the practical case the petrol engine has 
rather more freedom in these respects, and in general 
can have a wider valve overlap and larger valves for 
a given cylinder volume. On the other hand, the 
Comet Mk. V combustion system used on the diesel 
version has a very high air utilization, over 95 per 
cent at 1500-2500 rev/min, and this raises its power 
output compared with what would be obtained from, 
say, a larger direct injection unit. The general con- 
clusion, however, supports the general experience that 
the power output of the diesel engine compares un- 


favourably with the best performance possible on the 
petrol engine. 

When we come to consider economy, however, the 
position is very different. Fig 8 shows the comparison 
of the full throttle brake specific fuel consumptions 
of the two units on a weight basis. On both sets of 
curves the figure for the fuel consumption at the 
‘‘ just visible ” power output of the diesel engine has 
been superimposed on the maximum fuel consump- 
tion curve of the petrol engine, and the minimum fuel 
consumption of the diesel engine has been superim- 
posed on the corresponding curve for the petrol engine. 
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EFFECT OF COMPRESSION RATIO ON THE SPECIFIC FUEL CON- 
SUMPTION OF THE PETROL ENGINE, SHOWING THE COM- 
PARISON WITH THE DIESEL ENGINE-—-WEIGHT BASIS 


It can be seen that the consumptions are approxi- 
mately equal for both conditions at a compression 
ratio of 10 at 1500 rev/min and a compression ratio 
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ype” be used, it is probable that some 5 per cent improve- 
| ment in economy could be obtained on the diesel 
Jor engine with some sacrifice in maximum power. The 
curves do, however, illustrate trends and show that 
with the compression ratios now being attained with 
modern petrol engines, 10 and above, the full load 
specific fuel consumptions of the two systems are very 
similar. 

So far it is specific fuel consumptions on a 
weight basis which have been referred to, and this is 
the basis used by the engineer when considering 
relative efficiencies. The automobile customer, on 
the other hand, buys his fuel on a volume basis, and 
2 here the picture is even more favourable for the diesel 

oss “4 i SE ms engine (Fig 9). At 2500 rev/min the petrol engine 

+ 


PTION PINTS/BH Pre 

| 


a has just about equalled the economy of the diesel 

: | engine at a compression ratio of 13. At 1500 rev/min 
ss | it is evident from the form of the curves that equality 
will not be achieved even at a compression ratio of 15. 
a | Fig 10 illustrates the further big advantage of the 
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OP Rattan diesel engine, its good economy at light load. On 
| REE ieee" Lee this figure have been drawn a series of throttle loops 
Saeanaanetn Bene on the petrol engine at 2500 rev/min and a compression 

Fie 9 ratio of 8 and compared with this a load range curve 

EFFECT OF COMPRESSION RATIO ON THE SPECIFIC FUEL CON- for the diesel engine at the same speed. It ean be 
SUMPTION OF THE PETROL ENGINE SHOWING THE COM- th t t fi ll ad th ific fi ] ti 

PARISON WITH THE DIESEL ENGINE—VOLUME BASIS SERS, EONS 

are very similar, as would be expected from Fig 8. 

of 9 at 2500 rev/min. It is not suggested that these At light loads, however, the diesel curve lies wholly 

figures of limiting compression ratio have any absolute below that for the petrol engine; at half load showing 

significance. On large cylinder sizes, for instance, a30percent better economy than the weakest mixture 

where a direct injection combustion chamber could for maximum power on the throttled loop. 
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The continuing development of the petrol engine 
utilizing higher compression ratios will bring the full 
power specific fuel consumptions of the petrol and 
diesel units very close, and it may be that for applica- 
tions where high-speed, high-power outputs are re- 
quired continuously, the petrol engine will gain some 
ground from the diesel engine on account of the 
greater comfort and absence of noise of the smoother 
prime mover. In this connexion, a possible portent 
was the Rolls Royce-engined Harrington coach shown 
at the last Commercial Motor Show.15 


The Small Diesel Engine 


For intermittent stop-start duty, such as the city 
bus service, the diesel engine has long been supreme, 
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and there is no sign of any change in this application. 
Equally intermittent duties are demanded of taxi-cabs, 
small delivery vans, and agricultural tractors, and it 
was only the absence of a suitable design of small 
diesel engine which had until recently prevented their 


adoption. A large number of small diesel engines of 
about 2 litres in four cylinders are now on the market, 
and Fig 11 shows a typical design. These engines are 
in many cases able to operate up to speeds of 4000 or 
4500 rev/min, which is not far from the normal maxi- 
mum speed of 5000 rev/min for a petrol engine of 
this type, and give a torque curve which in the best 
cases is not far below that of the petrol engine they 
are replacing. In a particularly good example 130 
p.s.i. maximum B.M.E.P. was obtained at 2500 
rev/min and 31-7 h.p/litre at 4000 rev/min. Careful 
comparative tests on London taxi-cabs shows that 
in normal service 34 m.p.g. can be obtained from a 
diesel-engined vehicle as compared with 18 m.p.g. on 
a petrol-engined vehicle of equivalent performance. 
With such a fuel consumption differential, the high 
mileage of the taxi-cabs enables them to offset the 
extra cost of the diesel engine (£80-£100) in a very 
short time. The application is in fact so favourable 
that only four years after the first large-scale intro- 
duction of the diesel cab, nearly 100 per cent of 
London’s taxis are now diesel-operated. 

These same diesel engines are now being used in 
small vans of all types, and in time there should be 
as spectacular an increase in this application as there 
has been in the taxi-cab and the agricultural tractor. 
For fiscal reasons the agricultural tractor used to 
operate with the very inefficient kerosine engine. 
Diesel fuel, unlike gasoline, enjoys the same tax 
exemption as kerosine when used for agricultural 
purposes, with the result that production of these 
small tractors is now over 90 per cent diesel. The 
small vehicle diesels are increasingly being used for 
industrial applications, together with small single and 
twin cylinder units specially designed for the purpose 
(Figs 12 and 13). Although in the very small sizes 
first cost tends to be more important than economy 
of operation, a single cylinder air-cooled diesel engine 
is already marketed with a capacity of only 350 cc.1® 
One big advantage of the diesel over the petrol unit 
for small industrial applications is that it is more 
easily weather-proofed owing to the absence of the 
water-sensitive ignition system. 

The greater first cost of the diesel engine and its 
noisier operation at light load and idling will restrict 
its use in the private car, particularly where mileages 
are low. The cost differential between the petrol and 
diesel units might be expected to diminish as the 
production numbers of the latter begin to approach 
those of the more popular petrol engine. As the 
compression ratios of passenger car engines are in- 
creased and scantlings have to be stiffened accordingly, 
it becomes a more practicable proposition to fit a 
diesel cylinder head to a common diesel/petroj crank- 
case. Bedford}? and Hercules have alreagy done 
this in various engine sizes and, in time, thig could 
be an important factor in cheapening the small diesel 
engine. The noise question is one to which much 
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attention is being given today, and the improvements 
already made in engine mounting and bonnet sound 
insulation have done much to minimize the trouble. 
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LOAD RANGE CURVE AT 2000 REV/MIN SINGLE CYLINDER 
INDUSTRIAL DIESEL ENGINE 


On the whole it would seem that the first automobile 
application of the diesel engine will be to the medium- 
sized car used by firms in large fleets for their repre- 
sentatives. The high mileage of these vehicles, com- 
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bined with the cost-conscious conditions under 
which they are operated, and the facilities for 
servicing which could exist, make this a favourable 
application. A car of this type, which has been 
operated by my company for the last 3} years and 
which has accumulated 42,000 miles, has averaged 
over its whole life some 40 m.p.g. This compares 
with the performance of the same type of vehicle 
with a smaller capacity petrol engine of similar power 
output, where a fuel consumption of only some 27 
m.p.g. would be expected. 


The Supercharged Diesel Engine 

The intermittent duty road vehicle engine is one 
application where the diesel engine shows to particular 
advantage. At the other extreme is the heavy duty 
application where high power and high torque are re- 
quired, and here the readiness with which it lends itself 
to supercharge again renders the diesel engine supreme. 
Supercharging the diesel engine can readily give a 
40-50 per cent increase in power output with corre- 
sponding reductions in bulk/weight and power/weight 
ratios, and, in most cases, of cost. This is a develop- 
ment which favours the diesel engine at the expense 
of the petrol, because in the former case supercharging 
makes no extra demands on the quality of the fuel. 
In fact, supercharging in most cases very considerably 
widens the range of fuels which can be burnt in the 
diesel engine, as well as giving quieter and smoother 
combustion. Two types of blower are in general use; 
the mechanically-driven positive-displacement type 
and the turboblower, and each seems to have its par- 
ticular field of application. The turboblower shows 
to particular advantage in the larger engines under 
steady speed, fairly steady load conditions typical of 
industrial and marine applications and of the diesel 
locomotive with electric drive. Although some types 
of turboblower are being developed for road vehicle 
engines }* 2° and will probably have their application 
for high-speed, inter-city bus or truck operation, the 
positive displacement blower *! seems a more logical 
solution for city service and for the important earth- 
moving equipment market. With this form of super- 
charger, unlike the turboblower, the air delivery 
pressure is maintained at the low engine speeds re- 
quired for these types of road vehicles. A turbo- 
blown engine, on the other hand, tends to have its 
peak torque at an inconveniently high speed, the 
engine often does not pull well at low speeds, and 
vehicle acceleration may be delayed by the time re- 
quired to speed up the turbine motor. Some, if not all, 
of these objections may, however, be met by the 
use of a torque converter if the additional cost can be 
faced. 

Fig 14 shows the performance characteristics of an 
engine fitted with the Wellworthy—Ricardo positive 
displacement blower.2! With the standard valve 
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The continuing development of the petrol engine 
utilizing higher compression ratios will bring the full 
power specific fuel consumptions of the petrol and 
diesel units very close, and it may be that for applica- 
tions where high-speed, high-power outputs are re- 
quired continuously, the petrol engine will gain some 
ground from the diesel engine on account of the 
greater comfort and absence of noise of the smoother 
prime mover. In this connexion, a possible portent 
was the Rolls Royce-engined Harrington coach shown 
at the last Commercial Motor Show.!5 


The Small Diesel Engine 


For intermittent stop-start duty, such as the city 
bus service, the diesel engine has long been supreme, 
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and there is no sign of any change in this application. 
Equally intermittent duties are demanded of taxi-cabs, 
small delivery vans, and agricultural tractors, and it 
was only the absence of a suitable design of small 
diesel engine which had until recently prevented their 
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adoption. A large number of small diesel engines of 
about 2 litres in four cylinders are now on the market, 
and Fig 11 shows a typical design. These engines are 
in many cases able to operate up to speeds of 4000 or 
4500 rev/min, which is not far from the normal maxi- 
mum speed of 5000 rev/min for a petrol engine of 
this type, and give a torque curve which in the best 
cases is not far below that of the petrol engine they 
are replacing. In a particularly good example 130 
p.s.i. maximum B.M.E.P. was obtained at 2500 
rev/min and 31-7 h.p/litre at 4000 rev/min. Careful 
comparative tests on London taxi-cabs shows that 
in normal service 34 m.p.g. can be obtained from a 
diesel-engined vehicle as compared with 18 m.p.g. on 
a petrol-engined vehicle of equivalent performance. 
With such a fuel consumption differential, the high 
mileage of the taxi-cabs enables them to offset the 
extra cost of the diesel engine (£80-£100) in a very 
short time. The application is in fact so favourable 
that only four years after the first large-scale intro- 
duction of the diesel cab, nearly 100 per cent of 
London’s taxis are now diesel-operated. 

These same diesel engines are now being used in 
small vans of all types, and in time there should be 
as spectacular an increase in this application as there 
has been in the taxi-cab and the agricultural tractor. 
For fiscal reasons the agricultural tractor used to 
operate with the very inefficient kerosine engine. 
Diesel fuel, unlike gasoline, enjoys the same tax 
exemption as kerosine when used for agricultural 
purposes, with the result that production of these 
small tractors is now over 90 per cent diesel. The 
small vehicle diesels are increasingly being used for 
industrial applications, together with small single and 
twin cylinder units specially designed for the purpose 
(Figs 12 and 13). Although in the very small sizes 
first cost tends to be more important than economy 
of operation, a single cylinder air-cooled diesel engine 
is already marketed with a capacity of only 350 cc.1® 
One big advantage of the diesel over the petrol unit 
for small industrial applications is that it is more 
easily weather-proofed owing to the absence of the 
water-sensitive ignition system. 

The greater first cost of the diesel engine and its 
noisier operation at light load and idling will restrict 
its use in the private car, particularly where mileages 
are low. The cost differential between the petrol and 
diesel units might be expected to diminish as the 
production numbers of the latter begin to approach 
those of the more popular petrol engine. As the 
compression ratios of passenger car engines are in- 
creased and scantlings have to be stiffened accordingly, 
it becomes a more practicable proposition to fit a 
diesel cylinder head to a common diesel/petrol crank- 
case. Bedford 1” and Hercules !* have already done 
this in various engine sizes and, in time, this could 
be an important factor in cheapening the small diesel 
engine. The noise question is one to which much 
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attention is being given today, and the improvements 
already made in engine mounting and bonnet sound 
insulation have done much to minimize the trouble. 
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On the whole it would seem that the first automobile 
application of the diesel engine will be to the medium- 
sized car used by firms in large fleets for their repre- 
sentatives. The high mileage of these vehicles, com- 
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bined with the cost-conscious conditions under 
which they are operated, and the facilities for 
servicing which could exist, make this a favourable 
application. A car of this type, which has been 
operated by my company for the last 34 years and 
which has accumulated 42,000 miles, has averaged 
over its whole life some 40 m.p.g. This compares 
with the performance of the same type of vehicle 
with a smaller capacity petrol engine of similar power 
output, where a fuel consumption of only some 27 
m.p.g. would be expected. 


The Supercharged Diesel Engine 


The intermittent duty road vehicle engine is one 
application where the diesel engine shows to particular 
advantage. At the other extreme is the heavy duty 
application where high power and high torque are re- 
quired, and here the readiness with which it lends itself 
to supercharge again renders the diesel engine supreme. 
Supercharging the diesel engine can readily give a 
40-50 per cent increase in power output with corre- 
sponding reductions in bulk/weight and power/weight 
ratios, and, in most cases, of cost. This is a develop- 
ment which favours the diesel engine at the expense 
of the petrol, because in the former case supercharging 
makes no extra demands on the quality of the fuel. 
In fact, supercharging in most cases very considerably 
widens the range of fuels which can be burnt in the 
diesel engine, as well as giving quieter and smoother 
combustion. Two types of blower are in general use; 
the mechanically-driven positive-displacement type 
and the turboblower, and each seems to have its par- 
ticular field of application. The turboblower shows 
to particular advantage in the larger engines under 
steady speed, fairly steady load conditions typical of 
industrial and marine applications and of the diesel 
locomotive with electric drive. Although some types 
of turboblower are being developed for road vehicle 
engines 1* 2° and will probably have their application 
for high-speed, inter-city bus or truck operation, the 
positive displacement blower *! seems a more logical 
solution for city service and for the important earth- 
moving equipment market. With this form of super- 
charger, unlike the turboblower, the air delivery 
pressure is maintained at the low engine speeds re- 
quired for these types of road vehicles. A turbo- 
blown engine, on the other hand, tends to have its 
peak torque at an inconveniently high speed, the 
engine often does not pull well at low speeds, and 
vehicle acceleration may be delayed by the time re- 
quired to speed up the turbine motor. Some, if not all, 
of these objections may, however, be met by the 
use of a torque converter if the additional cost can be 
faced. 

Fig 14 shows the performance characteristics of an 
engine fitted with the Wellworthy—Ricardo positive 
displacement blower.24_ With the standard valve 
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porting the blower, with open delivery, gives a sub- 
stantially constant volumetric efficiency throughout 
its whole speed range, but by varying the form, or 
the time of closing of the inlet port, the volumetric 
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PERFORMANCE CHART FOR SIX-CYLINDER 6-LITRE D.I. ENGINE 
SUPERCHARGED BY WELLWORTHY~—RICARDO SUPERCHARGER 


Mean boost pressure 19” hg 
Fuel consumption in pints/b.h.p/hr 


efficiency curve can, at will, be given either a rising 
or drooping characteristic with increase of speed. 
This type of blower can be used to make a small 
engine do the work of a larger one—with this size of 
blower a 5-litre engine could give the same perform- 
ance as a normally aspirated 8-litre engine, but with 
a considerable saving of bulk, weight, and, in some 
cases, cost. On the other hand, with the improve- 
ment in the road conditions and a gradual lifting of 
the speed limit of heavy vehicles, the demand for 
power for these units will increase. The general level 
of power output for coaches in the U.K. is 125 h.p. 
The direction in which these might go in the future is 
shown by the new 39-seater Greyhound bus in the 
U.S.A. with a 211-h.p. G.M. engine. To fit an engine 
of this power output means either designing a new 
unit of larger size or utilizing an existing engine and 
getting the increased power output by supercharging. 
As well as giving a smaller bulk, lighter weight unit, 
this latter solution could give a much cheaper one by 
enabling production to standardize on the one size 
of engine and cover the power range required with 
supercharge. 


The Fuel Requirements of the High-speed Diesel Engine 


So far as the fuel requirements of the high-speed 
diesel engine are concerned, the principal limitations, 
apart from cold starting, are misfiring at high speed 
and light load and noise at low speed. The diesel fuel 
currently marketed in the U.K. for road vehicles has 


a C.N. of 50-55. Improvements in starting can be 
obtained by increase in C.N. up to 70.22 It would be 
difficult to achieve this C.N. without the use of igni- 
tion accelerators, which in any case do not give a 
commensurate improvement in cold starting, so that 
any shortcomings of the engine combustion system 
have to be made good by the use of extra starting 
aids. 

The possibility of marketing a premium fuel for 
diesel engines, on the lines of the premium gasoline 
already marketed for spark-ignition engines, is some- 
times mooted. There might be a case for such a fuel 
if high C.N. gave a big improvement in noise at light 
load and idling, because there is no doubt that this 
would enormously increase the acceptability of the 
diesel engine for small road vehicles. In the author’s 
experience, however, it is difficult to achieve a marked 
reduction in combustion noise by C.N. increases above 
55. 

The diesel engine is nevertheless fairly omnivorous 
in its fuel requirements, the use of a high compression 
ratio or a moderate degree of supercharging enabling 
even petrol to be burned satisfactorily if, with, in 
some cases, an increase in noise level. Fig 15 shows 
comparative performance figures for diesel fuel and 
M.T. 80 petrol on a single-cylinder engine fitted with 
the Ricardo Comet V combustion chamber having 
a compression ratio of 20-6. It can be seen that the 
performance on petrol is very similar to that obtained 
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with diesel fuel, with, as might be expected, some 
fall-off at higher speeds and lighter loads. 


The Marine Diesel Engine 


In recent years the power output of the marine 
diesel engine has been steadily increased, mainly by 
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turboblowing, in an effort to extend the range of size 
of ship to which the diesel engine can be applied. In 
order to compete economically with the steam turbine, 
it has become practically mandatory for the marine 
diesel engine to be capable of burning residual fuel, 
if not 3500 sec. Bunker “ C,’’ then the intermediate 
1500 sec. blend. The principal drawbacks to the use 
of the heavier fuel are the increased cost of processing 
the fuel on board ship and the increased cost of engine 
maintenance, including earlier replacement of the 
cylinder liners. Despite these disadvantages, such 
is the price differential between residual fuel and 
marine diesel fuel, that it has been estimated that the 
use of the former can involve a net saving of £2000/ 
year/cylinder in operating costs. Improvements in 
the treatment of the fuel and in the materials used 
for cylinder liners and piston rings have reduced the 
wear when running on residual fuels. Perhaps the 
most spectacular improvements have come from the 
use of the new cylinder lubricants of high additive 
content. To get sufficient quantity of low cost 
additive into the fuel, it is necessary to get away from 
oil-soluble additives and to go to an emulsion-type 
oil or to a dispersant type.”4 

With the emulsion type of oil, van der Zijden and 
Kelly 3 have found that the wear with residual fuel 
can be reduced to the same figure as is obtained with 
a marine diesel fuel using normal lubricant. Even 
with this big improvement, however, there is a 10: 1 
ratio between the wear rates of the best and the worst 
engines. Further big improvements in cylinder life 
should result from a better understanding of the 
mechanism of wear. One simple fact, which at the 
moment is imperfectly understood, is the proportion 
of wear with residual fuel due to corrosion from the 
high sulphur content and the proportion due to 
abrasion from the ash and from the harder carbon- 
aceous particles. Better understanding of the funda- 
mentals of this problem should help us in finding the 
direction in which to go for further improvement. 
Apart from the pure economics of liner replacement, 
shortage of skilled engine room staff is making it 
difficult for ship owners to operate a plant which 
demands a lot of skilled attention. 


THE GAS TURBINE AND FREE PISTON 
ENGINE 

Industrial Applications 

The gas turbine, apart from one or two isolated 
examples of designs for industrial and locomotive 
purposes, really got started during the war for air- 
craft applications, and its development since has been 
such that last year for the first time the world 
demand for aviation turbine fuel exceeded that for 
aviation gasoline.?® 

Since the war there has been a tremendous effort, 
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backed by considerable research facilities, to expand 
the field of application of the gas turbine to industrial 
uses. The early excessive enthusiasm for the new 
form of prime mover has now given way to a more 
sober assessment of its position. The big advantages 
of the gas turbine over other power plants are low 
first cost, high power/weight and power/bulk ratios, 
and independence of water supply. Its disadvantage 
is its poor thermal efficiency compared with the diesel 
engine and this substantially confines its use for con- 
tinuous operation to applications such as oilfield power 
generation, where natural gas provides a cheap fuel, 
and water for cooling a diesel engine may be scarce. 
There are, of course, a whole range of applications 
where extra power may be needed for only a short 
time. Certain high-speed naval craft and emergency 
electric generation are obvious examples. Here so- 
called ‘‘ boost” turbines can provide a saving in 
weight, space, and first cost, and the higher fuel bills, 
because of the short running time, are relatively un- 
important. 

A more promising application of the gas turbine is 
perhaps the low pressure end of a compound power 
plant, the high pressure end being provided by a 
reciprocating engine supplying hot gases to the 
turbine, which, because of the relatively low tempera- 
ture of its working medium, need not be of costly 
construction. This idea also had its genesis in the 
aircraft field, the line of development culminating in 
the Napier Nomad in which both the piston engine 
and the turbine were coupled to the final drive shaft, 
and which produced the extraordinarily good fuel 
consumption of 0-345 lb/equivalent h.p.-hour.2* A 
rather special development along these lines was the 
Orion gas generator turbo compound engine.??_ In 
this case the reciprocating engine merely supplied hot 
gas to the turbine, which was the sole source of power. 
This unit gave a high power/weight ratio for tanks 
and other tracked vehicles. This arrangement is at 
the opposite extreme from the turboblown diesel. 
The power plants are similar in conception, but in the 
latter case the power is drawn from the reciprocating 
component, and in the former case it is drawn from 
the rotating component. 

An alternative arrangement of this type of power 
plant is to use a free-piston engine as a gas generator. 
The most widely used free-piston gas generator is that 
emanating from Pescara.2* The free-piston engine 
is a two-cycle diesel cylinder in which two pistons, 
not connected to a crankshaft, are bounced towards 
one another and driven apart on the firing stroke 
(Fig 16). The pistons (actually power pistons and 
compression pistons joined together) shuttle between 
combustion chamber and air cushion, and in shuttling 
pump a volume of air for supercharging the engine 
and to feed a turbine. The Pescara GS34 gas gener- 
ator of 1250 gas h.p. has been in production in France 
for some time and is now being made in the U.K. 
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The overall efficiency of such a compound power 
plant is 36-37 per cent, some 10 per cent lower than 
the best slow-speed diesels, but much better than for 
a gas turbine. The maximum pressures and tempera- 
tures can be high in a free-piston power plant because 
there are no main bearings or connecting rods to con- 
sider. This, together with the large excess air and 
high intake air temperature, is claimed to enable a 
wide variety of fuels to be burned, but has led to 
serious piston lubrication problems which are only 
now being overcome by the use of additive lubri- 
cants.2® The unit has an advantage from the wear 
point of view in that the position of piston inner dead 
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centre varies with load, and so the formation of a 
wear step in the cylinder is largely avoided. For 
this very reason, however, because the shape of the 
combustion chamber is never twice the same, good 
fuel distribution is a very real problem, and no less 
than six injectors are required to give a good combus- 
tion in a single cylinder. This would seem to be a 
potential weakness for running on residual fuel. At 
full load the inlet temperature to the gas turbine is 
only 470° C. There is thus no need for costly alloys 
for the turbine blades, and the unit can run on residual 
fuels, as the temperature is below that at which 
sodium sulphate deposits and vanadium corrodes. 
The free-piston gas generator with turbine has been 
used for marine propulsion, for locomotives, electri- 
city generation, and water pumping. It has the 
advantage that any number of gas generators can be 
arranged to feed one or more turbines, thus providing 
flexibility of plant lay-out. With such an arrange- 
ment it would be possible to keep the plant running 
while one gas generator was shut down for repair. 
Building up a power plant using multiples of one or 
two standard sizes of gas generators should cheapen 
each unit and facilitate the supply of spares. A big 
advantage of the free-piston arrangement is the 
absence of vibration, enabling a light foundation to 
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be used. A disadvantage is the difficulty of ducting 
high pressure and high temperature gases. 

The fact that the stalled torque of the work turbine 
is some three times the torque at maximum speed 
gives flexibility of operation and enables a simpler 
transmission to be used for traction purposes. This 
is particularly advantageous for railway traction, 
where some six locomotives have so far been built, 
some with free-piston gas generators and some using 
two-stroke loop scavenge and two-stroke opposed 
piston engines as gas generators.*! 


Road Vehicle Applications 


The application of the gas turbine to road vehicles 
is being extensively investigated, and there are at 
least six prototypes being studied in Europe and 
America having power outputs from 100 to 270 h.p.%° 
The main difficulty seems to be the high fuel con- 
sumption, particularly at light load and when idling. 
This could be improved by use of a heat exchanger, 
either the simple recuperative type as used on the 
Rover 28100, or the less bulky rotary regenerative 
type, which, however, has serious sealing problems 
which do not yet appear to have been solved. 
Another way of improving the efficiency at full load 
would be by raising the permissible inlet gas tem- 
perature to the turbine. Here the problem is metal- 
lurgical, to develop an alloy which will withstand these 
severe temperature conditions, but which will not be 
too expensive to produce. This last requirement 
involves the ability to cast the compressor rotor and 
turbine wheel with integral blades. A possible solu- 
tion which might not require such high duty alloys 
is the use of blade cooling. Specific fuel consumptions 
as good as 15 m.p.g. are often quoted for steady speed 
conditions, but in normal road use the figure would 
be less favourable. 

Most road vehicle gas turbines employ a two-shaft 
design with a free power turbine, and this free turbine 
is an effective torque converter, constituting some 
part of an acceptable automatic transmission. Th® 
maximum torque ratio of a turbine is, however, 
normally no more than 3 : 1, and although this would 
suffice with one emergency gear for a passenger car, 
a change speed gear-box is still required in order to 
obtain the 10 or 12:1 necessary for a commercial 
vehicle. Nevertheless, in any comparison of cost and 
weight of a gas turbine with a petrol engine, the 
engine + transmission should always be considered. 

There are differences of opinion at the present time 
as to whether the gas turbine will have its first 
application to the passenger car field or to the com- 
mercial vehicle. Here there is a fundamentally 
different approach on both sides of the Atlantic. 
The Americans look first to performance and are 
impressed by the high power and low bulk and weight 
of the gas turbine. They see applications for it to 
heavy lorry and fast coach transport. In the U.K. 
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and Europe transport companies are very fuel cost 
conscious, and are already operating with the highly 
efficient diesel engine. If higher power outputs 
are required they are more likely to come from 
the supercharged diesel engine than from the gas 
turbine. In the European passenger car field the 
smallest gas turbine so far produced is towards the 
top end of the power bracket required for present 
vehicles. There seems no sign of an efficient gas 
turbine being produced in the size required for the 
great bulk of the European car market. Here the 
first application is more likely to be in the high price, 
high performance car field, where the novelty alone 
might be sufficient attraction to sell a good number. 

The free-piston engine in combination with a gas 
turbine has been suggested for the passenger car, and 
prototypes have been produced by two large manu- 
facturers in the U.S.A. The General Motors Hy- 
prex * is a siamesed unit containing two cylinders, 
the diesel portions of which run in a bore of 4 inches 
diameter. The unit has a maximum operating speed 
of 2400 cycles/min and is nominally rated at 250 gas 
h.p. The main advantage for automotive propulsion 
is claimed to be relative silence and lack of vibration 
when competing with the diesel engine, and economy 
and ability to burn cheaper fuel when competing with 
the gasoline engine.8® As compared with the simple 
gas turbine it has the advantage of greater efficiency 
and a lower gas inlet temperature to the turbine, 
which would simplify the blade problem, but it would 
appear to be at a disadvantage so far as weight is 
concerned. The relatively large bulk of the free- 
piston engine is due in part to the use of automatic 
valves which limit the maximum speed of the unit. 
Whether the combustion difficulties, which require six 
injectors to overcome on the large unit, will be a 
problem remains to be seen. General Motors claim 
to have overcome the high fuel consumption at idling 
by a system of charge circulation. 

Ford’s free-piston engine has been applied to a 
farm tractor.*? This unit has a power cylinder of 
3-75 inches bore and delivers 160 h.p. It is claimed 
to be much lighter and smaller than an oil engine of 
comparable power, and the quoted specific fuel con- 
sumption is 0-45 lb/g.h.p/hr. The torque characteris- 
tics of the turbine are favourable for the tractor 
application and enable some saving to be made in 
the transmission. 


DISCUSSION 


In this very rapid survey of the whole field of 
petroleum usage it is inevitable that there have been 
some omissions. Nothing has been said of natural 
gas or of low pressure gas. Neither of these gases are 
important sources of energy in Britain at the moment, 
but they are both very important inthe U.S.A. Each 
year millions of tons of volatile petroleum fuel are 
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run to waste in the Middle East. If experiments on 
the carriage of this material in refrigerated ships are 
successful we may expect to see an expansion of its 
field of usefulness in the U.K. 

Shortage of space has also restricted discussion of 
developments in the lubricating oil field. The new 
engine and fuel developments have placed a big 
burden on the lubricating oil, which has to do more 
now than just lubricate the working parts. The 
transfer of dispersant, anti-oxidant, and anti-corro- 
sive agents to the affected parts has become an 
accepted part of their function. In fact, some of the 
engine developments described would not have been 
possible without the use of special lubricants. H.D. 
oils have enabled high-sulphur Middle East distillates 
to be used in high-speed diesel engines, and very high 
additive oils, such as those of the emulsion type, have, 
as mentioned above, quite transformed the marine 
diesel engine picture. The free-piston engine is 
evidently providing its own special lubrication prob- 
lems. In the automotive field the use of low vis- 
cosity oils has improved the overall fuel consumption 
of road vehicles, has given easier starting in cold 
weather, and a reduction in wear due to a more rapid 
circulation of oil. The use of ultra high viscosity 
index multi-grade oils has enabled this to be done 
without sacrificing lubrication qualities under opera- 
ting temperature conditions. 

Sufficient has probably been said in the earlier 
sections to show that this is a period of change so far 
as petroleum fuels and the prime movers which burn 
them are concerned. The two important fields would 
appear to be the industrial and the road transport. 
We are about to see an intensification of competition 
between the diesel engine, the free-piston compound 
engine, and the gas turbine for the stationary, loco- 
motive, and marine applications. Where thermal 
efficiency differences are marginal, the choice of power 
unit might well be determined by ability to burn 
cheaper low grade fuel. Thus the free piston gas 
generator + turbine which at the moment has a 
thermal efficiency some 10 per cent less than that of 
the diesel engine could be a strong competitor for the 
latter unit in most fields if it could demonstrate a 
superior ability to use low cost fuels. In the loco- 
motive engine field in the U.S.A. the railway com- 
panies are relaxing their once rigid specifications. 
Some railroads are experimenting with blends con- 
sisting mainly of residual, with a small percentage 
of distillate. Others are using a light residual alone. 
In the U.K. the coming dieselization of the railroads 
will increase the requirement for distillate fuel, and 
one could hope that this demand could be channelled 
to a ‘‘ B” grade to leave more of the lighter fuel for 
the high-speed engine. 

The increase in demand for middle distillate fuels 
due in part to the expansion in the use of the diesel 
engine at the expense of the petrol engine is posing a 
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serious problem for the oil companies.*4 This is 
illustrated by the fact that whereas the deliveries of 
oil fuel to vehicle operators from January to Septem- 
ber 1956 were 11-7 per cent higher than in the corre- 
sponding period of 1955, the total consumption of 
petrol rose by only 2-1 per cent and the consumption 
of petrol by commercial users actually fell.25 This is 
not necessarily a bad thing, as from the national point 
of view it is obviously important that the maximum 
useful work should be obtained from scarce and 
expensive imported fuel. This demands that the fuel 
should be used in the most efficient prime mover for 
the particular application. The problems posed by 
this development can best be met, not by mutual 
recrimination, but by a simultaneous attack by the 
three parties concerned: 


(1) The engine builder—to make his product 
capable of digesting the widest possible variety 
of fuel, consistent with maintaining a good 
thermal efficiency and satisfactory operating 
characteristics. 

(2) The oil company—to be prepared to intro- 
duce new refining and marketing techniques to 
meet the changes in customers’ requirement. 

(3) The government and local authorities—to 
become more flexible in their attitude towards 
the fiscal and storage regulations for the various 
grades of fuel. 


So far as the diesel engine itself is concerned, a 
considerable amount of work has already been done 
to widen the range of fuels which it will accept. The 
development of the larger size of engine to run on 
residual fuel has already been mentioned. In the 
smaller sizes military requirements have acted as a 
stimulus to the development of an all-fuel engine. 
It has been shown to be quite possible to run most 
diesel engines fairly satisfactorily on 80 O.N. petrol. 
Extremely good results can be obtained with some 
forms of combustion chamber which, however, usually 
involve some compromise with other aspects of engine 
performance such as smoke limit and high speed 
operation. It is a matter of interest to speculate 
whether the all-fuel engine will remain a military 
curiosity or whether it will have a commercial applica- 
tion, if not in Europe and America, where the existing 
grade system is well established, at least in the more 


remote markets, where it may be uneconomic to 
attempt to distribute the full range of petroleum 
products. 
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DISCUSSION 


A. T. Wilford: My remarks are from the standpoint of 
the road passenger vehicle operator. The author has 
drawn our attention to the continuing development of 
the petrol engine in the direction of higher compression 
ratios and to the prospect that this engine will soon 
closely approach the diesel engine in regard to specific 
fuel consumption. He also suggests that this modern 
version of the petrol engine will gain some ground from 


the diesel engine. However, he conceded, and I fully 
agree, that it will only be in the field of luxury coach 
travel. Its use in place of the diesel engine in buses, 
limited stop coaches (such as the Green Line services), 
and in long distance coaches would seem to be unlikely. 

In the first place the operators of these types of 
vehicles would be reluctant to return to the storage and 
use of a fuel which is inherently less safe than is derv fuel 
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so far as the fire risk is concerned. One minor point in 
this connexion is that it is now quite common for staff 
to be permitted to smoke in garages where only derv fuel 
is stored; it is, moreover, a concession which would be 
very difficult to withdraw. 

More important, equality in specific fuel consumption 
is not the same thing as equality in fuel costs. Specific 
fuel consumption is related to consumption on a weight 
basis, whereas fuel is used and paid for—plus tax—on a 
volume basis. Fuel specific gravity is therefore of prime 
importance to operators who cannot charge luxury fares 
and are conscious that each time fares are raised passen- 
gers are lost. There is even a demand for a derv fuel of 
the highest possible specific gravity, qualified only by 
the requirements that there shall be no adverse effect on 
cold starting or on exhaust cleanliness. There is a near 
inverse relationship between m.p.g. and fuel specific 
gravity. Some two or three years ago London Transport 
carried out a very large scale test with buses in service 
comparing a derv fuel of sp. gr. 0-830 with one of sp. gr. 
0-848 (these figures being mean values over a period of 
10 months). The measured increase in consumption due 
to the use of the lower sp. gr. fuel was 1-5 per cent, 
although the statistical precision of the test was such 
that the increase might have been as much as 2-8 per 
cent. With a fuel bill of £6 million per year, which is 
what London Transport spends, even a 1-5 per cent 
increase in consumption would cost £90,000 a year, with 
no compensating benefits. The adsorption of a petrol 
engine with the same specific fuel consumption as a 
diesel would be likely to increase our fuel consumption 
by 12 per cent of more. (An increase in fuel consump- 
tion of the same order would, of course, arise if petrol 
MT80, for example, was used in place of derv in diesel 
engines.) 

There is a further objection to the use of such a petrol 
engine in public service vehicles, this being its inferior 
performance at part loads and slow speeds. London 
Transport’s red buses have a scheduled speed of about 
11 m.p.h., and on some portions of the busiest routes the 
scheduled speed is only 7 m.p.h. The country buses 
have a scheduled speed of about 14 m.p.h., while even 
the Green Line coaches can only be scheduled at about 
18 m.p.h. None of the vehicles can exceed the 30-m.p.h. 
limit, and the great majority of the coach routes pass 
through the congested central area of London. 

The supercharged diesel is of much greater potential 
interest, and limited tests have already been carried out 
with both types of blower mentioned by the author. 
The investigations are still very much in the experimental 
stage, but Mr Downs gives reasons for suggesting that 
the positive displacement blower may be found to be the 
more applicable to our types of service. We are looking 
to the supercharger as a means for obtaining a reduction 
in fuel consumption rather than an increase in engine 
output; we are also hoping that it may further assist our 
efforts to run with a virtually clean exhaust. Perhaps 
the author would let us have his views as to whether these 
objectives are likely to be achieved. 

Mr Downs has referred to the use of low viscosity oils, 
and our pioneer work in this connexion is already well 
known. The whole of London Transport’s fleet is using 
an engine of SAE 10W viscosity and, compared with the 
use of an SAE 30 oil which was the standard lubricant a 
few years ago, we are economizing in fuel at the rate of 
£350,000 a year. Extensive tests have been carried out 
with SAE 5W oil, but under the conditions of operation 
this grade does not give any further improvement in fuel 
consumption. 

London Transport has also been employing additive 
type oils for some years past, the grade at present in use 
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being of the type covered by the MIL-L-2104 and 
DEF-2102-A specifications. Large-scale tests have also 
been carried out with Supplement I oils, but at the time 
it was not possible to show that these oils led to any 
increase in the life of engines between overhauls. In the 
meantime, however, various modifications, combined 
with improved methods of maintenance, have led to a 
substantial extension of engine life, and the stage has 
now been reached once again where the life of the engine 
is limited by the condition of the piston assembly. We 
are therefore contemplating further tests with higher 
additive oils, and have the Series 2 variety in mind. 

Our continuous and successful efforts to reduce engine 
maintenance costs makes us very conservative towards 
any suggestions for the use of a wider range fuel. If, as 
might be inferred from the author’s remarks on marine 
diesel experience, the objections to these lower grade 
fuels can be overcome by the use of lubricating oils of 
sufficiently high additive content, we should like to see 
the oils developed and proved before taking any risks. 
Having regard to the present trend in the road passenger 
transport industry, where there is a steady loss of revenue 
arising from competition of the private car, whether it is 
moving or parked at the side of the road—thereby adding 
to traftic congestion—no operator can view with equanim- 
ity any charge which is likely to increase fuel con- 
sumption or engine maintenance costs. The wider range 
fuels might well give some improvement in fuel consump- 
tion, but their effect on engine life is highly suspect. 


D. Downs: I agree with Mr Wilford’s comparison of 
the petrol with the diesel engine. Despite the fact that 
higher compression ratios are now being used in the 
petrol engine and that its specific fuel consumption at 
full load is approaching that of the diesel, I do not think 
that there will be much application of the petrol engine 
in the commercial vehicle field in the near future.. My 
reference to the luxury coach was really a concession to 
the petrol enthusiast, indicating the one possible direc- 
tion in which the petrol engine might make a comeback, 
albeit in a limited and specialized field. 

I was interested in Mr Wilford’s remarks about the 
specific gravity of diesel fuel, because it is the great 
emphasis that those who are responsible for the purchase 
of large quantities of fuel for transport companies place 
on specific gravity which makes it very difficult for the 
oil companies to dilute the diesel range with lower gravity 
fuel from the kerosine or petrol fractions. This is a 
direction in which the road vehicle commercial engine 
could help the fuel position, not so much by taking in 
from the heavier fuel end, but by taking in a little from 
the gasoline range, where there is at the moment some 
evidence of over-production. The rigid stand which 
road vehicle operators take on the question of specific 
gravity is understandable as things stand at the moment, 
for, as Mr Wilford said, tax is paid on volume. There is 
perhaps scope for a change in the fiscal regulations which 
would be helpful to both petroleum supplier and cus- 
tomer. 

The supercharger will probably reduce fuel consump- 
tion on the bus. It will certainly give a cleaner exhaust 
and, by using a supercharged engine of small size to do 
the work of a larger unsupercharged engine, there should 
be a saving in bulk and weight. In some cases this could 
mean an increase of one or two in the number of seats 
which could be put into a bus. 


K. Arter: Some American experience would suggest 
that the high compression car may be capable of rather 
greater economy than Mr Downs has indicated in his 
paper, so I thought it might be worthwhile to find out 
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what the possibilities are. Ten years ago General 
Motors Research in Detroit built an experimental V8 
engine, of 4} litres displacement. This could be operated 
at four alternative compression ratios, 6, 8, 10, or 12: 1. 
At 8:1 the maximum brake horsepower was 136 at 
4000 rev/min. Steps were taken to ensure the same 
volumetric efficiency with each compression ratio and it 
was found that the mechanical efficiency at full throttle 
was virtually independent of compression ratio. Per- 
formance data on this engine were published in some 
detail in two SAE papers by Roensch in 1949 and 1950. 
‘There appears to be very little published information on 
more modern production engines and some of my friends 
in Detroit tell me that the papers published by Roensch 
are still regarded there as valid. 

Taking Roensch’s figures, we get the curves shown at 
the bottom of Fig A. I have expressed the data in terms 
of pounds of fuel per hour against the brake horsepower 
of the engine at 3200 rev/min. Curve A is for the 8: 1 
compression cylinder head and Curve B is for the 12: 1. 
The horsepower is net, i.e. the actual horsepower avail- 
able at the flywheel with the fan and silencing system 
connected. The 12:1 engine gave a maximum torque 
12} per cent greater than the 8: 1, so for a strict com- 
parison of fuel economy on the basis of equal car per- 
formance (in other words, equal brake horsepower), 
Curve A should be compared with the 12: 1 engine run- 
ning 124 per cent slower, or 2800 rev/min, 7.c. with Curve 
C. If we then compare Curves C and A, there is an 
almost constant saving of 8} lb of fuel an hour over the 
range from 60 h.p. up to the full throttle output of 
128 h.p. Of this 8}-lb saving, 6 is due to the higher 
compression ratio and 2} to the change in axle ratio. 
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Expressing the total saving as a percentage of the con- 
sumption at the lower compression ratio, we obtain the 
curve at the top of Fig A; thus, for equal car performance, 
there is a fuel saving of 13 per cent at maximum horse- 
power, rising to 23 per cent at the lightest loads. On the 
other hand, if we choose to retain the same axle ratio with 


the higher torque, the fuel saving will be less, and the full 
throttle acceleration much improved. Because rolling 
resistance and windage are unchanged, all of the 123 per 
cent extra torque is available to overcome inertia and the 
time to accelerate, say from 15 to 60 m.p.h., might be 
reduced as much as 20 per cent. Fig B shows a similar 
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comparison at a lower speed, 1800 rev/min. The differ- 
ences here are not quite so clearly defined. It appears 
from the shape of the top curve that there was some 
fault in the carburation of combustion around half 
load at this speed, but since American cars cruise at a 
low load factor, maybe 20 to 25 per cent, the car would 
still be capable of showing an economy of the order of 


TABLE A 
Compression ratio 8:1 12:1 
287 engine: 
Lb fuel per hour at 55% load factor. 42°3 34:0 


96 in. engine: 

Lb fuel per hour . 141 11°3 

Miles per imp. gallon at 55 m.p.h. (sp. gr. | 


Relative m.p.g. . 100 125 


15 to 20 per cent for the 12: 1 as against the 8: 1 compres- 
sion ratio. 

The popular types of European cars operate at higher 
load factors, but similar economies appear to be quite 
possible. Suppose a 1}-litre car is taken as an example. 
This has one-third the displacement of the General 
Motors engine under consideration and in Table A I have 
assumed that the fuel consumption can be scaled down 
in the same proportion. Analysis of some road test data 
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has indicated that the overall consumption of a 1}-litre 
car is usually equal to its m.p.g. as measured at a con- 
stant road speed of 55 m.p.h. At this speed the engine 
load factor will be about 55 per cent, and the piston speed 
about 1900 ft/min, which happens to be the piston speed 
of the General Motors engine at 3200 rev/min. In other 
words, we can apply the data from Fig A. Assuming a 
specific gravity of 0-74, we see at the bottom of Table A 
that the 1}-litre car will have a consumption of 28-8 
m.p.g. at 8: 1 compression ratio, and at 12: 1 it goes up 
to 36-1 m.p.g., a 25 per cent overall improvement in 
m.p.g. 

This sounds very worthwhile and it would justify a 
higher cost for the high octane fuel than is assumed by 
Mr Downs. I wonder if he has any data for multi- 
cylinder engines at alternative compression ratios to show 
whether my rather theoretical calculations are at all 
realistic. 

Now let us look at the General Motors data from a 
different point of view. Fig C repeats two of the curves 
from Fig 1 in Mr Downs’ paper, and on the same graph 
I have drawn the corresponding data for the General 
Motors V8 engine. The dotted lines show that the brake 
thermal efficiency of the V8 at 12: 1 was no better than 
the figure given by Mr Downs for 6:1. I would like to 
ask him whether he considers his curve for brake thermal 
efficiency is a realistic one for a well-designed multi- 
cylinder engine operating with all the usual accessories. 

Referring again to American cars, the latest models 
now in production are running largely at 9} or 10:1 
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compression ratio, but it appears there are quite a lot of 
public complaints of heavy fuel consumption. That 
may be partiy due to other factors, such as the addition 
of air conditioning equipment and heavier cars, but I do 
think that the further rise of compression ratio, although 
it will go on, may take place at a slower rate over the 
next year or two. 

There are two reasons for this: one is that they have 
had quite an amount of hot starting trouble, and I gather 
that some of the starting motors now being fitted develop 
a greater torque to overcome the hot starting difficulty 
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than would be necessary to start the engine cold at 
—20° F. The other problem they call “rumble,” a 
trouble which nobody seems to know very much about. 
It appears that on some of the cars a higher octane 
requirement is needed to protect the engine against 
‘“‘rumble”’ than is needed to overcome knock. The 
trouble is aggravated by a retarded spark, and it does 
appear that these very high compression ratio engines 
are getting very critical. The effective range of spark 
timing is now becoming extremely narrow, so it seems 
that further increases in the octane numbers of American 
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fuels may be taken up in catering for these problems, 
rather than giving greater engine efficiency. 

Nevertheless, a 12: 1 engine may be on the market in 
the U.S.A. in two or three years’ time. It is worth 
noting that their gasoline trucks are still at the 8:1 or 
84: 1 level, although operators of these vehicles must be 
concerned with fuel costs and would demand higher 
ratios if they thought them worthwhile. 

On the question of combustion chamber shapes, the 
latest information just coming over is that there is 
quite a trend towards putting the combustion cham- 
ber entirely in the cylinder block. Fig D illustrates 
one of the 1958 models, which bears some resemblance 
to the design in Fig 4 of the paper, except that all the 
valve mechanism is in the cylinder head. This has a 
flat machined surface, as shown. The piston has a pent- 
roof top and the whole of the compression space is 
contained by machined surfaces within the cylinder 
block. That enables them to control production 
tolerances and keep variations of compression between 
cylinders down to a reasonable limit, something like half 
a compression ratio. 

I fully agree with the author that the hemispherical 
type of head loses its attraction at the higher ratios for 
the reason he has given. I am glad he made reference to 
the need for further improvements in valve material and 
design. Although the British industry has now adopted 
XB steel, it continues to lag behind American practice. 
The shortage of nickel in Germany has forced the Ger- 
mans to adopt a compromise which would appear to be 
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capable of withstanding more severe duty than the 
straight XB valve. I refer to their method of using a 
silchrome quality valve, but with a ring of special alloy 
at the face. This alloy is high in nickel and manganese. 

I am a little surprised that British cars in Canada and 
the U.S.A. do not run into more complaints of loss of 
compression, considering the high lead content in the 
gasolines there. In view of the small difference in cost, 
it would be a good insurance on the part of British 
exporters to follow American practice and use something 
like 21-4 NS. If they do not, I think they are going to 
run into trouble sooner or later. 

On petrol injection, I believe there is one further 
reason for the interest in it in the U.S.A. a year or two 
ago, and that is that the manufacturers are very anxious 
to get a lower hood line and the injection system offers 
the possibility of that. I have heard it suggested 
recently that, for similar reasons, we may find ourselves 
going back to the horizontal carburettor one of these 
days. 

Finally, on the question of small diesel engines, Mr 
Downs forecasts increasing use of a common cylinder 
block and crankshaft for diesel and spark ignition ver- 
sions of the same basic engine. Does he imply by this 
that a diesel engine can be built for the same weight per 
cubic inch of displacement as the gasoline engine? In 
terms of weight per horsepower, I am under the impres- 
sion that the diesel will continue to be at some disadvan- 
tage, at least until turbo-charging or supercharging is 
on a mass production basis. 


D. Downs: I agree with Mr Arter that Roensch’s paper 
is probably the most up-to-date which has been produced 
in the U.S.A.; it certainly gives the most information 
on multi-cylinder engines. I feel that some special 
pleading has been used in comparing the engines of 
different compression ratio. Mr Arter says, for in- 
stance, that because more power is being obtained at 
12 : 1, the engine speed can be reduced and the equivalent 
power obtained at a lower engine speed. This, of course, 
gives a more favourable efficiency ratio for the higher 
compression ratio, but the fact of the matter is that the 
engine would not be run at a lower speed at the higher 
compression ratio. It is most likely that the customer 
would make use of the greater power available or, if the 
designer was satisfied that the original power was 
sufficient, the engine capacity would be reduced, in which 
ease I think the efficiency ratios given in my paper would 
be applicable. 

Mr Arter commented on the fact that my brake thermal 
efficiencies were somewhat higher than those quoted 
by Roensch. It is some time since I read Roensch’s 
paper, and I am not sure what mixture strength he used. 
My brake thermal efficiencies were taken at the minimum 
specific fuel consumptions. His may have been taken 
at a somewhat richer mixture strength, and I think that 
is the explanation of the difference. 


G. M. Barrett: Mr Downs says that the marine diesel 
must be capable of burning residual fuel, if not 3500 sec 
Bunker ‘“C,” then the intermediate 1500 sec blend. 
Although some owners are operating motor ships on 
marine fuels having viscosities up to 3500 sec R.I. at 
100° F, it should be remembered that “‘C”’ grade fuel 
oil is allowed a maximum viscosity of 6500 sec conforming 
to the now obsolete Bunker ‘‘C”’ specification of the 
U.S. Navy Department. 

Later on Mr Downs is deliberately non-committal 
concerning the proportion of wear with residual fuel, due 
to corrosion from the higher sulphur content and to 
abrasion from ash and hard carbonaceous deposits. 
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Many of us feel that the little laboratory evidence avail- 
able in favour of abrasive cylinder wear by hard carbon 
is distinctly dubious and that it is not supported by 
results in the field. However, the results of many years 
work at Thornton Research Centre suggest that the 
overall rate of cylinder wear is the product of the rate of 
corrosive wear multiplied by the rate of abrasive wear, 
and is not just the sum of these two quantities. Thus it 
is possible to cut the corrosive wear down by, say, 70 per 
cent, by providing sufficiently highly basic additive to 
combat the sulphur acids and thereby reduce the overall 
wear rate also by 70 per cent. 

Mr Downs rightly draws attention to the awkward 
shape of the combustion chamber in free piston gas 
generators, and the wording implies that six injectors are 
always required to give good combustion in the single 
cylinder. I am sure that the author would agree that 
this depends on the cylinder diameter. The GS 34, which 
has a diameter of 134 inches, has six injectors, whereas 
the Muntz CS 75 of 74-inch bore has only four injectors. 
The Ford experimental tractor engine of 3}-inch bore 
has two injectors, while the General Motors Hyprex of 
4-inch bore with Siamesed cylinders has only one per 
cylinder. 

Further on the statement is made that the stalled 
torque of the turbine is some three times the torque at 
maximum speed, which lends itself to traction and auto- 
motive applications. This figure is rather conservative, 
as the ratio for the turbine in the first locomotive on the 
French National Railways is 3-8: 1. 

Mr Downs expresses the hope that, with the increasing 
dieselization of British Railways, their fuel requirements 
could be channelled to a ‘‘B” grade fuel to leave more 
distillate fuel for the high-speed engine. However, it 
must be remembered that under the modernization 
programme about 20 per cent of the total diesel traction 
horsepower will be high-speed engines in railcar units. 
It would create many difficulties if running sheds and 
motive power depots had to have two separate grades 
of fuel, one for locos and one for railcars. Furthermore, 
several of the main-line locomotive designs include 
engines having crankshaft speeds running up to 1500 
rev/min. In view of the necessity to build up from 
scratch the necessary maintenance and repair organiza- 
tion to service eventually some 3700 diesel locomotives, 
it would seem wiser not to add to maintenance problems 
by using ‘‘B” grade fuel until experience has been 
built up on distillate fuel. 

Finally, I would like to ask Mr Downs his personal 
views on a matter which was very much to the fore soon 
after the war, the surface discharge of spark plugs. A 
lot of people have great hopes of this for burning weaker 
mixtures in the gasoline engine. 


D. Downs: As far as the wear in marine diesel engines 
is concerned, I was deliberately non-committal as to the 
relative importance of abrasive and corrosive wear, as I 
feel that much more experimental work will have to be 
done before the final answer is obtained. Undoubtedly 
both are important, and I would agree with Mr Barrett 
that they should be multiplied rather than added, and 
that we must do our best to reduce both of them as much 
as possible. 

The torque range of 3 which I quoted for the gas 
turbine is, I agree, conservative, and it can be increased 
by taking special measures. I was quoting a figure for 
the norma! range of gas turbines, but I am interested to 
learn that the French obtain 3-8 on their locomotive gas 
turbine. 

I agree that British Railways would probably be well 
advised to commence operation of diesel engines using 
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distillate fuel. Once they have their repair and main- 
tenance facilities established, however, economic cir- 
cumstances will force them to consider using as cheap a 
grade of fuel as the engine will digest. Although this 
may involve the use of two grades of fuel, one for the 
main engines and one for the auxiliary engines and small 
shunting locos, I think they will find that the provision 
of the extra storage and dispensing facilities will be 
justified by the fuel cost saving. 

It is some years since I have done any work on a 
surface discharge spark plug. ‘The last time I experi- 
mented with one was on a small two-stroke engine, 
which normally could not run for more than 30 hours 
before the spark plug failed by whiskering or deposit 
fouling. With one type of surface discharge plug we had 
a trouble-free run of over 500 hours duration. The in- 
sulator was, however, severely eroded in this period. 
This is the fundamental difficulty with the surface dis- 
charge plug. The semi-conducting material which is 
normally used as the insulator is not strong enough 
mechanically to withstand engine operating conditions. 
To increase its strength, it is customary to blend in other 
materials. It is difticult to do this, however, and still 
retain the semi-conducting properties. This is the 
dilemma which, so far as I know, the spark plug manu- 
facturers have not yet surmounted. 


E. H. Wild: Could I ask Mr Downs whether the com- 
pression ratios he quoted for the U.S.A. and the U.K. 
were weighted averages or arithmetic averages? The 
type of average would make quite a difference in drawing 
various conclusions between the rates of increase in the 
different countries. 

The other query I would like to put is the trend in the 
U.S. compression ratios and, again, the possible reasons 
why similar trends may not be followed in the U.K. 
Could it be possible that the basic reason for the rapid 
increase in the compression ratio of U.S. cars is due to 
the fact that they have gone the route of the V8 engine, 
which is an inherently stronger design, and therefore 
capable of increases in compression ratio without too 
many further alterations? In other words, when the 
basic design of the V8 engine was laid down some years 
ago, they more or less laid the foundations for going up 
to compression ratios of 10, 11, and 12: 1, which we are 
now talking about. In the U.K. the standard engine is 
either a four- or six-cylinder in line, and to get the 
maximum benefits from higher compression ratios we 
may become involved in rather more extensive design 
changes than are necessary in the U.S.A. 

One more reason why we may not go to the higher 
compression ratios to. the same extent as the U.S.A. is 
the dependence of our motor industry on the export 
markets. We shall therefore be dependent for some 
time on the availability of higher quality fuels in our 
major export markets. 


D. Downs: The British figures for average compression 
ratio were arithmetic averages of car types. The 
American figures, which were taken from the annual 
survey published by Automotive Industries, have, I 
believe, a similar basis. 

I think that the point about the strength of the 
American V8 engine is a good one. A further factor is 
one which I mentioned in the paper, which is that the 
American engine, being large for the duty which it has 
to do, probably operates at a lower load factor than the 
British engine, and so it is in fact operating for only a 
small proportion of the time under conditions which could 
give high maximum pressures. I do not think that the 
majority of British in-line engines would need much 
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strengthening to enable them to use a compression ratio 
of 10:1. As Mr Wild says, the export market may be a 
reason why our manufacturers are conservative about 
compression ratio. 


C. D. Brewer: I would like to refer to the last contri- 
bution on this question of compression ratio in America. 
I can give assurance that the 10}: 1 is genuinely used, 
at least by the company with which I am familiar. 
There are several important reasons for using this high 
ratio in the U.S.A. First, it can be done because of the 
availability of high octane fuel and of the predominance 
of automatic transmissions. Secondly, and perhaps the 
main reason, is that now there is general agreement be- 
tween motor companies that they should not advertise 
maximum performance, there is a tendency to quote 
maximum torque, and they have been able to show that 
by increasing compression ratios to 104: 1, b.m.e.p. 
at quite reasonable speeds, say 3000 rev/min, of about 
166/175 SAE rating or 1-15 lb.ft/cu. in. of capacity are 
obtained. I would endorse also what Mr Wild said 
about compression ratios used in engines of vehicles 
produced in the U.K. These vehicles are primarily for 
export, and since it is still necessary to cater for quite 
large territories where regular grade fuels of perhaps 
75 to 78 O.N. only are available, this does rather restrict 
the manufacturing company’s initiative in regard to the 
use of higher compression ratios, although there may also 
be other reasons for doing this. 

I would also like to endorse what Mr Downs said re- 
garding engine weights for increases in compression ratio. 
1 do not think that, provided the basic design is ade- 
quate, there is any practical limit to compression ratio 
within the scope of present normally marketed fuels, and 
there is no need to increase the present weight of engines. 

Would Mr Downs be good enough to amplify the figures 
for b.m.e.p. for increasing compression ratios he showed 
for the petrol and diesel engines? I thought that the 
shapes of the curves, particularly that for the petrol 
engine, appeared a little unusual. I would say that, 
from my own experience, the curve for the diesel engine 
is unusual in that the increase in m.e.p. above 10: 1 to 
about 15:1 was shown to be increasing, apparently 
linearly. The values for the petrol engine seemed very 
pessimistic, and those for the diesel decidedly optimistic. 


D. Downs: It is true that this curve can be argued 
about. Its virtue is that it is a comparison between the 
petrol and the diesel engine obtained on the same crank- 
case, but using different cylinder heads. The compres- 
sion ratio with the diesel head was fixed, but with the 
petrol head was varied from 5 to 13. Such a com- 
parison is, in one sense, a little unfair on the petrol engine 
because the volumetric efficiencies of both versions were 
identical over the speed range, whereas in the practical 
case one could certainly obtain a higher volumetric 
efficiency with the petrol engine because of the greater 
freedom which one has in the disposition of the valves 
and in the use of valve overlap. On the other hand, the 
diesel engine shows up well on a power basis because a 
form of diesel combustion chamber was used which 
enabled over 95 per cent of the available air to be con- 
sumed. With a more conventional direct injection 
engine, the power output would not be so good. It is 
better, therefore, not to place too much emphasis on 
particular figures in this comparison, but to look at the 
broad picture presented by the curves. 


Dr W. T. Lyn: On the question of petrol v. diesel, the 
mode of ignition will have no direct influence on the 
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thermodynamics of the cycles. In fact, due to the 
generally higher rate of heat release in a diesel engine, 
there is more constant volume burning in the diesel than 
in the petrol engine. For the same compression ratio, 
therefore, one cannot expect the petrol engine to be more 
efficient, even if fuel of high enough octane number is 
available. 

On the matter of wear, the relative contribution be- 
tween abrasive and corrosive action must depend on the 
type of fuel and engine used. My own experience with 
residual blends of fuel on small high-speed engines has 
shown that abrasive wear is the dominating factor and 
that lubricating oil additives, while helping to maintain a 
cleaner engine, do little in combating the wear. 

With regard to the unified crankcase and cylinder 
block for petrol and diesel heads, several engine manu- 
turers have admitted in a recent informal discussion that 
the result of such a practice invariably led to the with- 
drawal of the petrol version, although the latter was 
introduced first. The general view was in entire agree- 
ment with Mr Downs’ survey. It is clear that, except in 
the field of the passenger car, the diesel engine almost 
monopolizes transport and industrial applications. Even 
in the passenger car field the major difficulties, noise at 
light load and idling and the additional cost involved, 
will be gradually overcome. The position as regards the 
mechanism of diesel engine noise and the technical aspect 
of noise reduction are becoming clear, and the problem 
is becoming one of compromise with cost. My own 
belief is that the kind of outrageous clanging from diesel 
vehicles which one sometimes hears on the road is 
entirely unnecessary and that the popularity of the diesel 
car will come sooner than is generally expected. 

From the fuel requirement point of view, again diesel 
engines appear to be the most natural form of prime 
mover, since they can digest the largest percentage of oil 
from straight distillation of the crude without any 
special treatment. In fact, it is so omnivorous that we 
even expect it to digest special fuels which were developed 
for the petrol engine and produced in such large quan- 
tities as to be left over. It looks as if the diesel is the 
only existing engine that fulfils the requirements given 
in the concluding section of Mr Downs’ paper, and I 


‘should like to know if he agrees. In this connexion, a 


‘* premium ”’ grade diesel fuel has been mentioned earlier 
in the text. I should like to ask the author’s view of the 
requirement of such a grade of fuel. High cetane 
number, I agree, can help little as regards light load 
noise, but I wonder whether it will help to alleviate the 
problem of misfiring at light load and high speed. 


D. Downs: For equal compression ratios, the diesel 
engine will still show to advantage over the petrol 
engine because of its better efficiency at part load. In 
the diesel engine the thermal efficiency increases as the 
load is reduced because of the lower average temperature 
of the cycle. In the petrol engine the hot residuals have 
an unfavourable effect on efficiency at light load. 

I am afraid that I disagree with Dr Lyn about abrasion 
being the major factor in wear, even with a residual fuel. 
If wear is due to abrasion, how can the phenomenal 
effect of emulsion lubricants be explained? 

Although some progress has been made in the study 
of noise in the diesel engine, I would not go so far as 
Dr Lyn in suggesting that technically it has been solved. 
An improvement in noise level usually involves a com- 
promise with smoke limit and maximum power. We 
cannot yet have our cake and eat it. We can have a 
quiet engine, or a smokeless engine, or a high-powered 
engine, or a low fuel consumption engine, but we usually 
have to decide which is most important for a particular 


application, concentrate on that factor, and be content 
to have the others in smaller measure. 

I do not think that a case has yet been made out for 
a premium fuel. High-speed misfiring can be a problem, 
and it can be tackled either from the fuel angle or from 
the fuel injection equipment angle. At the moment, I 
am inclined to think that a form of variable timing 
device on the fuel injection pump would be the biggest 
single factor in alleviating trouble. 

We have experimented with a fuel the cetane number 
of which was increased by ten numbers above the 
normal 52-55 by the use of an ignition accelerator. The 
higher ignition quality of this fuel enabled the injection 
timing to be retarded without experiencing misfiring at 
high speed, but even with this advantage it was found 
that the improvement in noise level at idling and at 
light load was only just detectable. There would not, 
therefore, seem to be much case for a premium fuel 
having an O.N. higher than 55. 


S. T. Walker: The author says that the use of low 
viscosity oils has led to a reduction in wear through more 
rapid circulation of the oil. Presumably he is considering 
here the wear that takes place on the rings and liner in 
the first few minutes of running, which has been found, 
in certain circumstances, to be the major wear taking 
place on these components. 

At the Research Station of the British Petroleum 
Company work on the examination of engine wear has 
been carried out for some years with radioactive tracers. 
By this means it is possible to determine the wear which 
takes place in those first vital minutes of operation. 

Experiments have been conducted to assess the effect 
of oil viscosity on wear at start-up. The temperature of 
the oil in the engine sump was adjusted to give a 10 to 1 
variation in viscosity at the time of starting the engine, 
but despite this wide difference only a slight change in 
wear was detected. 

It appears from this work that it is not simply viscosity 
which controls wear, but that other aspects of an oil’s 
formulation play a major part. 


D. Downs: I agree with Mr Walker’s remarks on 
lubricating oil formulation. Space limitations did not 
permit me to develop the subject of lubrication as I had 
at first intended and so my remarks under that heading 
are necessarily somewhat brief and condensed. 


L. A. Cooper: I have seen somewhere that specific fuel 
consumption is minimum for a jacket temperature of 
about 180° F. I wonder if Mr Downs can comment 
whether this is valid or not, and whether recognition of 
this has been taken in the consumption figures presented. 


D. Downs: In the experimental work on the E.6 
engine described in the paper no attempt was made to 
obtain the absolute minimum specific fuel consumption 
or maximum efficiency, because all the results were com- 
parative, being carried out using the same crankshaft and 
crankcase assembly. In general, the specific fuel con- 
sumption decreases as the temperature of the oil is 
increased because the viscosity of the lubricant, and 
hence the friction loss, is being reduced. If the viscosity 
is reduced too much, however, wear and even friction are 
liable to increase, due to the presence of boundary 
lubrication conditions rather than full fluid lubrication. 


Dr G. B. Maxwell: We have heard a great deal from 
the engine designers as to what they want, and from the 
consumers as to what they want to pay for it, but the 
refiners are the people who have to produce the fuels at 
an economic rate. 
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There are two points in this connexion. One is this 
question of the higher compression ratios in the 
U.S.A. as compared with Britain. The general market 
demand conditions in the U.S.A. are quite different from 
those in the U.K. Something like 40 per cent of the 
total petroleum product sold in the U.S.A. is in the motor 
spirit range, whereas in the U.K. it is probably of the 
order of about 25 per cent. At the present time, the 
only way of producing a high yield of motor spirit from 
the barrel of crude—in other words, getting more out of 
it than there is already in the crude—is by catalytic 
cracking, which has the great advantage of turning out 
at the same time a very high octane blend stock. Thus, 
in order to meet the market in the U.S.A. that the oil 
companies have to supply, they are almost automatically 
at the same time turning out a high octane fuel. This 
is rather different from Britain, where it is desirable, if 
possible, to cut down the motor gasoline we are turning 
out from a barrel of crude. 

For this reason, we should probably welcome a reduc- 
tion in the amount of catalytic cracking, which involves 
a conversion of part of the fuel oil—of which there tends 
to be a shortage—into high O.N. motor spirit to meet 
the requirements of the modern high-compression spark - 
ignition engine. 

We have had outlined to us two ways in which this 
‘‘octane number race” might be halted. One is to 

sextend the use of the compression-ignition engine, 

possibly slightly modified so as to run without loss of 
efficiency on a wide distillation range fuel. The second 
is to retain both compression and spark ignition engines 
but to modify the latter, possibly by development of 
petrol injection, so as to give good efficiency on lower 
O.N. fuels. 


D. Downs: I do not think that there is much chance 
of petrol injection so improving the light load running of 
the spark ignition engine that the part load thermal 
efficiency will approach that obtained on the diesel 
engine. It has been done on a sleeve valve engine where 
the orderly movement of the air permits a rich mixture 
to be placed in the vicinity of the spark plug to give 
stratified operation at light load. Despite a great deal 
of experimental work, it has not been found possible to 
do this on a poppet valve engine. The fundamental 
difficulty is that there is so much indiscriminate move- 
ment of air within the combustion chamber that the 
pattern of fuel distribution imposed at the time of 
injection is inevitably disturbed by the time the spark 

asses. There have been various attempts to surmount 
this difficulty by the use of ante-chambers around the 
spark plug to contain the rich mixture, but so far none 
of them has been entirely successful. 

A case can be made out for using a wider cut diesel fuel. 
Even this solution is not as simple as it appears at first 
sight, as Mr Wilford has told us. I suppose that while 
some oil companies are able to meet the strict require- 
ments for gravity imposed by the transport undertakings, 
this will act as a brake on the broadening of the range of 
fuel type which can be described as diesel fuel. If the 
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diesel fuel supply position became desperate and all the 
oil companies were equally affected, the transport under- 
takings would have to accept some widening of the diesel 
cut, even though this involved some reduction in gravity. 


G. J. Parsons: Two previous speakers have referred to 
the use of Series II (or III) oils; Mr Wilford with some 
hope, and Dr Lyn with some disappointment. This 
prompts me to emphasize that if maximum advantage is 
to be obtained from the use of HD oils, they should be 
selected to suit the operating conditions. A paper to 
the Institution of Mechanical Engineers earlier in 1957, 
by Dyson, Richards, and Williams, dealt with this point 
by showing how an oil can be selected from the range of 
HD oils available so as to ensure that performance is 
satisfactory, particularly with regard to cleanliness in 
the ring belt area. 

In Mr Wilford’s particular case it is difficult to 
generalize, because it is well known that his operating 
conditions are a little unusual; for example, he is one of 
the very few operators whose engines stick to lower rings 
in preference to top rings. That remark is not meant to 
imply that the higher performance oils, such as Series ITI 
oils, will not be of value in his case; I would recommend, 
however, that to avoid disappointment Mr Wilford keeps 
clearly in mind the purpose of such oils when embarking 
on his trial. 

Several speakers have referred to the matter of abra- 
sive and corrosive wear. I suggest that a third mechan- 
ism of wear, namely attritious wear or metal-to-metal 
contact, should not be forgotten. It is becoming evident 
that with engine outputs continually climbing, particu- 
larly in the diesel field following turbo-charging, ring 
lubrication conditions are becoming very severe, and 
this type of wear may occur. This problem is, perhaps, 
a good example of how both engine manufacturer and 
oil supplier must co-operate in finding a solution. 


R. J. Murchie: Has Mr Downs found any advantage 
with multigrade oils when compared with some of the 
10W oils? 


D. Downs: I cannot give any comparative figures 
from road tests comparing a light oil with a multigrade 
oil. On general grounds one might expect the multi- 
grade oil to perform better. My only doubt on this point 
arises from the fact that the multigrade characteristic 
is obtained by adding a V.I. improver to a basically thin 
oil. We know that an oil containing a V.I. improver is 
a non-Newtonian fluid, and that consequently its vis- 
cosity will decrease with increase in rate of shear. Its 
viscosity, therefore, in those parts of the engine where 
the lubricant is subjected to a high rate of shear, is 
largely an unknown factor. This is my principal doubt 
concerning high V.I. multigrade oils and I have not seen 
sufficient information published on this subject to allay 
my doubts. 


The meeting then closed witha unanimous vote of thanks 
to the author. 
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THE INFLUENCE OF ALKALI ON THE OXIDATION OF 
LUBRICATING OILS * 


By K. U. INGOLD?+ and I. E. PUDDINGTON + 


SUMMARY 


The oxidation of hydrocarbon lubricating oils produces acids, ketones, esters, small amounts of alcohols and 
lactones, and traces of anhydrides, together with an increase in the number of conjugated double bonds. An 
oil-insoluble sludge is also produced, probably by a series of esterification reactions involving difunctional 
oxidation products, chiefly hydroxy acids, followed by a “ drying ” action similar to that observed in the drying 
oils. In the presence of alkali the rate of oxidation of lubricating oils is increased, the oils are partially bleached, 


and sludge and varnish formation is totally suppressed. 


This last effect is due to the neutralization of the organic 


acids, which prevents the formation of the polyester sludge and varnish precursors. 


INTRODUCTION 


One of the major problems involved in the use or 
storage of mineral oils in any system open to the 
atmosphere is the eventual deterioration of the oils 
owing to oxidation. The products of oxidation are 
acidic and tend to corrode their container and, in 
addition, products are formed which undergo trans- 
formation by polymerization and condensation into a 
semi-solid ‘ sludge ’’ insoluble in the oil. To prevent 
the formation of acids and sludge, oxidation inhibitors, 
which are generally phenols, amines, or sulphur com- 
pounds are frequently added to oils. Corrosion 
inhibitors, which form a protective coating on metal 
surfaces, may also be added; these inhibitors are 
generally organo-metallic compounds of phosphorus, 
arsenic, or antimony. Various alkaline compounds 
have also been proposed as acid neutralizers and as 
sludge and corrosion inhibitors. 

Alkaline reagents are frequently used in petroleum 
refining to neutralize the acidic constituents normally 
present in the oil and those added to it during re- 
fining.t It has been common practice to remove the 
alkaline reagents by washing with water so as to leave 
the oil neutral and with a low ash content, but there 
would seem to be no doubt that some of the improve- 
ment in oil stability achieved by this process is due to 
residual traces of alkali left in the oil. For instance, 
it has been realized for some time that weak bases, 
such as magnesium oxide, have an inhibiting effect 
on the oxidation of transformer oils,? and that alkali 
and alkaline earth soaps have an anti-sludging action 
on lubricating oils. However, itis only comparatively 
recently that the advantages in maintaining a high 
alkalinity in the oil have been fully realized *? and 
that attention has been devoted to the addition of 
basic compounds to oils. Some of the elements and 
compounds that have been proposed as additives 
include metallic sodium and its alloys; °° metallic 
calcium; *" metallic magnesium; Group II 
metals, hydroxide, and basic salts; 11515 alumina; }® 


alkali, alkaline earth and ammonium phosphates, 
arsenites, arsenates, and bismuthates;!’ highly basic 
alkaline earth alkylarylsulphonates;!8 and sodium 
alkyl phenates.1® It has also been proposed to bleach 
oils by oxidizing in the presence of strong bases such 
as metallic sodium 2° or in the presence of alkali metal 
hydroxides and activated carbon.*! 

At first sight, it might appear that bases act solely 
as corrosion inhibitors, ¢.e. by neutralizing organic 
acids they prevent the dissolution of heavy metal 
oxidation catalysts such as iron or copper. However, 
it has been found that bases can inhibit sludging and 
lacquering even in the absence of metallic surfaces," 
and the present work, which describes a study of the 
influence of strong bases on the kinetics and products 
of lubricating oil oxidation, was started with the hope 
of explaining these effects. 


EXPERIMENTAL 


Most of the work was done with a semi-finished oil 
SAE 30 (viscosity at 100° F = 588 8.8.U., viscosity 
index 88, average formula C,,H,,;, iodine number 13-4) 
and with a premium grade commercial SAE 10 oil 
that had been used in an automobile without an oil 
filter, under normal driving conditions, for 2500 miles. 

Kinetic measurements of oxygen uptake were made 
on an apparatus similar to that of Cooper and 
Melville,2* except that provision was made for a 
continuous circulation of the oxygen over the oil and 
through a cold trap in order to remove volatile pro- 
ducts such as water. It was found that unless this 
precaution was taken the volatile products con- 
centrated above the oil and eventually prevented 
further oxidation. The reaction vessel was shaken 
rapidly to ensure that the measured rate of oxidation 
was not determined by the rate of dissolution of 
oxygen in the oil. 

Potentiometric titration curves were measured on a 
Fisher Recordomatic Titrimeter; they were made 
with an N/20 isopropanol KOH solution on oil samples 
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dissolved in a 1 : 1 mixture of benzene and isopropanol. 
The starting pH and acid number (with the end point 
taken as pH 11-0) of the oxidized oils were obtained 
from these curves. The transparencies of the oils 
are reported as the percentage of red light 
(4 = 6200 A) transmitted by a Lumitron Colorimeter 
(Photovolt Corpn, New York), the instrument being 
adjusted to give a transmission of 100 per cent with 
white medicinal oil. Infra-red spectra were taken 
with a Model 21 Perkin Elmer infra-red spectro- 
photometer using a sodium chloride prism. 


RESULTS 


Kinetic Measurements 

Measurements were made on the rate of O, uptake 
by the neutral semi-finished SAE 30 hydrocarbon oil 
containing no additives. The kinetics were not 
studied very thoroughly, as the chief object was to 
obtain samples of oil which had reacted with known 
volumes of oxygen. Oils oxidized in the presence and 
in the absence of strong bases are called hereafter 
“ alkaline oxidized oils ” and ‘‘ normal oxidized oils ”’ 
respectively. 

In Fig 1 the rate of O, uptake by the SAE 30 oil at 
190° C is plotted against the time for both the oil 
alone and the oil plus 1 per cent sodium hydroxide. 
This quantity of alkali was sufficient to cause a very 
pronounced catalysis, increased amounts having no 
additional effect. Alkalis also increased the rate of 
oxidation of a number of other lubricating oils and re- 
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OXIDATION OF THE SEMI-FINISHED SAE 30 or at 190° © 
I. Normal oxidation II. Alkaline oxidation (1% NaOH) 


duced the induction periods of highly refined medicinal 
oils. Rates of O, uptake under different conditions 
were compared by measuring the time taken for a given 
volume of O, to be absorbed. Arrhenius plots of the 
reciprocal of the time taken for the SAE 30 oil to 
react with 5 cc O, (at S.T.P.)/ce oil are shown in Fig 2. 

Solid metal catalysts were found to have a pro- 
nounced effect on the rate in the absence of alkali but 
very little effect in its presence, e.g. 1 per cent of 
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metallic copper with a surface area of 0-08 cm?/ce oil 
increased the rate of the alkaline oxidation (1 per cent 
NaOH) by 30 per cent and of the normal oxidation 
by 200 per cent. 

The most remarkable effect of a strong base on the 
oxidation of lubricating oils is its bleaching action.?® #4 
Table I gives the percentage transmission of red light 
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ARRHENIUS PLOT OF THE TIME TAKEN BY THE SAE 30 OIL 
TO REACT WITH 5 cc QO, AT S.T.P/CC OIL (é;) 


I. Normal oxidation II. Alkaline oxidation (1% NaOH) 


for the semi-finished SAE 30 oil oxidized to varying 
extents both in the presence and absence of NaOH. 
The table also includes some measurements on a 
sample of the same oil fully finished to meet API 
service requirements M.S. and D.G. and on the 
alkaline oxidized oil treated with water and with 
dilute hydrochloric acid after oxidation. The trans- 
parency of the oil in a normal oxidation was reduced 
to zero by the addition of as little as 1-0-1-5 ce O,/ce 
oil, but in the presence of 1 per cent NaOH (added as a 
single pellet) as much as 37 ce O,/ce oil actually in- 
creased the transparency. A minimum in the trans- 
parency was observed during oxidation in the presence 
of NaQH, which did not occur when metallic sodium 
was used.2° For the same degree of oxidation, the 
temperature of the reaction had little effect on the oil 
colour. Washing alkaline oxidized oils with water 
also generally had little effect on their colour, but 
washing with dilute mineral acids darkened them. 
The liberated organic acids or their reaction products 
must, therefore, be darker in colour than the salts 
from which they were derived. 

The bleaching effect was not confined to unoxidized 


oils. In one experiment the oil was oxidized with 
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TABLE I 


Properties of an Oxidized SAE 30 Oil 


ec O, at o/ Viscosity 
Oil Additive S.T.P/ec Treatment pH Acid No. 
oil — at 100° F 

Semi-finished | None 0-0 | None 34 93 0-19 588 
Semi-finished | None 05 | None 31 49 0°40 604 
Semi-finished | None 1-0 | None 0-9 4°6 0-50 612 
Semi-finished | None 2-0 None 0 4-4 | 0°62 626 
Semi-finished | None 5-0 None 0 4-1 | 0:93 | 672 
Semi-finished | None 14°5 None | 0 3-9 2°23 | 785 
Semi-finished | 1% NaOH 0-5 | None 47 8°5 0°36 603 
Semi-finished | 1% NaOH 1-0 None 48 78 0-40 613 
Semi-finished | 1% NaOH 2-0 | None 12 6-4 0°57 | 616 
Semi-finished 1% NaOH 2°5 None 16 65 0-71 | 627 
Semi-finished 1% NaOH 50 | None 68 79 0-92 | 696 
Semi-finished 1% NaOH 14°5 | None 71 79 2-90 1620 
Semi-finished | 1% NaOH 37-0 None 59 8-0 7°32 2960 
Semi-finished 1% Na 50 | None 72 - — — 
Semi-finished | 10% NaOH 50 | None 61 10:7 O17 | 823 
Semi-finished 1% Cu 14°5 | None 0 3°9 2°47 } 733 
Semi-finished | 1% Cu + 19% NaOH 14°5 None 10 8-1 2-00 844 
Semi-finished | 1% NaOH 1-0 | Water wash | 46 79 0°29 | 633 
Semi-finished | 1% NaOH 2-0 | Water wash — 24 6°3 0°46 643 
Semi-finished | 1% NaOH 50 | Water wash | 29 4:7 1-03 | 707 
Semi-finished | 1% NaOH 14°5 | Water wash | 55 6-2 | 3°19 845 
Semi-finished | 1% NaOH 37-0 Water wash | 60 6°8 5°67 1150 
Semi-finished 1% NaOH 14°5 | Acid wash 5 3°7 2-96 810 
Fully finished | None 0-0 None 85 — — _ 
Fully finished | None 05 None 45 — — 
Fully finished | None 1-0 None 0 = 


2 ce O,/ce oil in the absence of alkali (0 per cent 
transmission), | per cent NaOH was then added, and 
the oil was oxidized with a further 5 ce O,, which 
produced sufficient bleaching to give a 20 per cent 
transmission. 

Measurements of pH and acid number on alkaline 
oxidized oils were made on the oil decanted from the 
NaOH pellet, but small amounts of abraded NaOH 
may still have been present. The pH’s of the 
oxidized oils showed the same general features as the 
transmissivities, a low pH corresponding to a dark oil. 
In the absence of alkali there was a large decrease in 
pH for the first 0-5 ce O,, followed by a much slower 
decrease for further oxidation. In the presence of 
NaOH the pH showed the same minimum around 
2 ce O, as was observed with the transparencies. The 
acid numbers were found to give only a moderately 
good measure of the degree of oxidation, whether or 
not alkali was present. Some of the curves from 
which the acid numbers and pH’s were derived are 
shown in Fig 3. Oxidation of the oil increased its 
viscosity, particularly in the presence of NaOH with 
more than 5 ce O,/ce oil, owing to the formation of 
insoluble, but well dispersed, soaps. 


Effect of Alkali on Sludge and Varnish Formation 


Sludge and varnish formation generally occurred 
together, so that an oil oxidized with as little as 
0-5 cc O,/ce oil contained a dark brown or black 
sludge as a colloidal suspension, together with a brown 
varnish or lacquer attached to the walls of the vessel. 


No dark coloured sludge or varnish was, however, 
formed under basic conditions, although for high 
degrees of oxidation orange-coloured soaps were 
sometimes precipitated from the cold oil. 
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POTENTIOMETRIC TITRATION OF 4 G SAMPLES OF OXIDIZED 
SAE 30 OIL 


II. Alkaline oxidation (1% NaOH) 


The numbers on the individual curves denote the number 
of ce O, at 8.T.P. adsorbed/ce oil. 


I. Normal oxidation 


Some qualitative experiments were made with the 
SAE 10 oil that had been used in an automobile for 
2500 miles. Samples of this oil were filtered and 
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heated with various additives at 150° C for 28 hours. 
The oil without additives gave a large amount of 
sludge, but the sludging was not due solely to further 
oxidation, since a sample in a sealed evacuated tube 


NaOH. All strong bases tested prevented sludge 
formation provided that they were intimately mixed 
with the oil. The result of slowly stirring single 
pellets of sodium metal in 50 ce of the oil at 115° C 


Fie 4 


PHOTOMICROGRAPHS ( 200) oF 50-cC SAMPLES OF THE FILTERED USED MOTOR SAE 
10 OLL AFTER OXIDATION FOR 24 HOURS AT 115° C WITH ADDED SODIUM 


No sodium 
II. 5 mg Na 


also sludged slightly. Prior contact bleaching with 
12 per cent activated clay inhibited sludging, and so 
did the addition of 10 per cent of a commercial heavy 
duty concentrate and 10 per cent of the soaps 
separated from an oil oxidized in the presence of 
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Ill. 10 mg Na 
IV. 40 mg Na 


for 24 hours is given in Table II. It can be seen that 
less than 0-1 per cent of sodium was sufficient to 
suppress sludge and varnish formation and to main- 
tain the pH, even though the unheated oil was quite 
acid. It should be noted that although the sodium 
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was not emulsified in the oil, the slow stirring con- 
tinuously exposed a clear surface. Photomicrographs 
of the oil after oxidation are shown in Fig 4. 


II 


Sludge Formation in 50-ce Samples of the Used SAE 10 Ou 
Oxidized for 24 Hours at 115° C 


| Potentiometric 


Weight | Weight ae titrati f 
| Weight | itration 
of Na of Na | of sludge | Varnish | filtered oil 
oxidation) oxidation | P | 
g) | |Starting| Acid 
42 4 
| | pH | number 
Original | | | 53 2-45 
oil | | | 
— — | 00680 | Yes | 37 | 1:96 
0-0050 | 0-0000 | 00550 | Yes 2-16 
0-:0100 | 0-0008 | 0-0380 | Trace | 56 | 2-11 
| 90-0068 | 0:0050 | No | 87 | 2:03 


0-0400 


Infra-red Measurements 


A large number of measurements were made of the 
infra-red spectra of oxidized oils. The assignments 
which were made for the various new bands which 
appear in an oxidized oil are listed below. 

O-H stretching (hydrogen bonded, broad); 3650— 
3100 cm, alcohols; 3000-2400 cm", carboxylic acids. 
It should be noted that care had to be taken in inter- 
preting the 3600-3400-cm"! region of an oil oxidized 
in the presence of NaOH, since some alkali was 
abraded during the oxidation and became dispersed 
in the oil. These oils were frequently washed with 
water or with dilute mineral acid to remove the bands 
due to NaOH. 


C=O stretching; 1830-20 em ™, straight chain 


anhydrides; 1780-60 cm™, anhydrides and/or y- 
lactones; 1750-35 cm, esters; 1720-1695 cm", 


aliphatic ketones and carboxylic acids; 1565-60 cm“, 
ionized carboxylic acids. These C=O stretching bands 
were the most distinctive new bands in the spectrum 
of oxidized oils, but since they were grouped suffici- 
ently closely as to overlap seriously, the oxidized oils 
were treated with alkalis, acids, water, etc., to help 
identify the products. 

C=C. stretching; 1605-1595 cm™, aromatic and 
conjugated double. bond compounds. 

The bands below 1500 cm™ were difficult to assign 
with any certainty, since the oxidized oils generally 
showed broad absorption from about 1450-800 em". 
However, the following tentative assignments were 
made by studying changes in the spectra after washing 
the oxidized oil with various reagents. Carboxylic 
acids 1415-05, 1290-1230, and 940-900 cm"; ionized 
carboxylic acids 1420-10 cm™; alcohol 1160-1000 
em; ester 1200-1160 cm™. Inorganic carbonate 
could also sometimes be detected at 880-75 em. 

Oxidation of the semi-finished SAE 30 oil formed 
acids, ketones, esters, small amounts of alcohols and 
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lactones, traces of anhydrides, and increased con- 
jugation. The spectrum of the unoxidized oil and of 
the oil oxidized with 14-5 cc O,/ce oil is given in Fig 5. 

In the presence of 1 per cent solid NaOH (added as 
a single pellet in order to keep its surface area small) 
and with gentle shaking of the reaction vessel, only 
the stronger acids produced by oxidation were ionized. 
The spectra showed that ketones, alcohols, esters, and 
lactones were present, in addition to the ionized and 
un-ionized acids, but anhydrides were absent. There 
was relatively more alcohol and less ester and lactone 
than was produced under neutral conditions, the most 
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INFRA-RED SPECTRA OF OXIDIZED SAE 30 IN 
CELL, REFERENCE CELL EMPTY 


I. Unoxidized oil 
III. Normal oxidation (14°5 ce O,/ce oil) 
Il. Alkaline oxidation, mild conditions, 1% NaOH (14°5 cc 
O,/oil) 
av. Alkaline oxidation, very basic conditions, 2% Na metal 
(8 ce O,/ce oil) 


noticeable difference in the spectra being the increase 
in the 3400 cm™ band (see Fig 5). By using larger 
amounts of base, or more vigorously mixing the oil 
and base, or by using stronger bases, such as sodium 
metal, the acids were completely ionized and no esters, 
lactones, or anhydrides were formed. The remaining 
1705 cm band was therefore due to ketone, and its 
height indicated that only about 0-1 ketone group was 
produced per carboxylic acid group, which appeared 
to be somewhat less than was produced under milder 
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basic conditions. There also appeared to be rather 
less alcohol produced, although more was formed than 
in a normal oxidation. A spectrum for such strongly 
basic conditions, but with the inorganic bands re- 
moved, is given in Fig 5. For both weak and strong 
bases the concentration of conjugated double bonds 
in the oil decreased slightly on oxidation. 

The ionized acids could be completely removed from 
an alkaline oxidized oil by washing with water. The 
1700-cem™ band was either not affected or else showed 
a small increase which was attributed to a partial 
hydrolysis of the soaps. Washing an alkaline oxidized 
oil with dilute mineral acid left the majority of the 
organic acids in the oil phase, but the exact changes 
observed in the spectrum, apart from the dis- 
appearance of the 1565-60 em™! band, depended on 
whether the oil was extracted with hot or cold acid. 
Treatment with cold acid gave mainly un-ionized 
carboxylic acids with little ester, lactone, or anhydride 
and the oil darkened only slightly. However, if this 
treated oil was warmed or if the alkaline oil was ex- 
tracted with warm acid, it got much darker in colour 
and the anhydride, lactone, and, to a lesser extent, 
ester bands increased while the acid and alcohol bands 
decreased. Treatment of this hot acid extracted oil 
with NaOH completely decomposed the anhydrides 
but only partially decomposed the esters and lactones. 

Acids were prepared from the soaps of alkaline 
oxidized oils by washing the oils with hot water, 
acidifying the aqueous phase, and extracting with 
ether. The acids, called hereafter ‘‘ Acids A,’’ were 
dark-coloured liquids which readily condensed to a 
more viscous product even at room temperature. 
Their spectrum (Fig 6) shows that they contained 
mainly acid and alcohol functional groups, together 
with small traces of ester which may have been 
formed during the evaporation of the ether. By 
heating the acids under vacuum at 100° C for 2 hours, 
the alcohol and acid bands were reduced, with the 
formation of large amounts of anhydrides and rather 
less ester and lactone. The greater amount of lactone 
produced by these acids when dissolved in oil is 
merely due to the diluent action of the oil promoting 
intra- rather than inter-molecular reaction. Some 
analytical data on Acids A are given in Table III, and 
their titration curve is shown in Fig 7. Potentio- 
metric titrations on the substances mentioned in 
Table III were made with an N/20 isopropanol KOH 
solution on samples dissolved in a 10: 10:1 mixture of 
benzene, isopropanol, and water. Starting pH’s, acid 
numbers (at the neutralization pH, if any), and acid 
equivalent weights were obtained from these curves. 
Saponification numbers and saponification equivalent 
weights were obtained by refluxing the sample for 
3 hours in a 1 : 1 mixture of benzene and N alcoholic 
KOH, followed by titration with N/2 HCl. The 
hydroxyl numbers were obtained by the method of 
Ogg, Porter, and Willitts.** 
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A dark brown or black oil insoluble sludge (iodine 
number 21) was prepared by oxidizing the semi- 
finished SAE 30 oil. It was separated by filtration, 


INFRA-RED SPECTRA OF OIL OXIDATION PRODUCTS IN 1-0-mM 
CELL, RUN AGAINST SOLVENT IN REFERENCE CELL 


I. “ Acids A ’’ from SAE 30 oil in chloroform (0-155 g/cc) 
II. “ Acids I” from SAE 30 oil in chloroform (0°13 g/cc) 
III. ‘‘ Residue ” from SAE 30 oil in chloroform (0°13 g/cc) 
IV. Benzene soluble sludge formed in car from SAE 10 oil 
(0-09 g/ce) 
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POTENTIOMETRIC TITRATION CURVES FOR SAE 30 OIL 
OXIDATION PRODUCTS 


I. 1-4 g chloroform soluble sludge. II. 0°10 g Acid A 


washed with petroleum ether, and extracted with 
chloroform. The first traces of sludge formed in the 
oil were completely chloroform-soluble, but as the 
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oxidation proceeded an increasing fraction of the 
sludge could not be dissolved even by boiling chloro- 
form. The infra-red spectra of a number of chloro- 
form-soluble sludge samples showed the presence of 
hydrogen-bonded acids and alcohols. Esters, lac- 
tones, and, probably, ketones were also present, but 
there was very little anhydride (Fig 6). The spectra 
also showed a broad absorption from 1500 to 800 em". 
By shaking a sample of sludge dissolved in chloroform 
with solid NaOH at room temperature, the quantity 
of ionized acid and alcohol was increased at the ex- 
pense of acids, esters, and y-lactones. 

It has been shown recently (R. D. Offenhauer, 
J. A. Brennan, and R. C. Miller, Industr. Engng Chem.., 
1957, 49, 1265) that aromatic thiols are largely 
responsible, after oxidation to sulphonic acids, for 
sediment formation in catalytically cracked distillate 
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Acids II were hard gummy substances which gave a 
deep red solution in chloroform at the same con- 
centration. Acids III and the residue were hard 
brittle resins which formed black opaque solutions. 
The acids and residue were dissolved in chloroform 
and their infra-red spectra measured; that of Acids I 
is shown in Fig 6. Acids IT, Acids ITI, and the residue 
had rather similar spectra, the main difference being 
a slight reduction of the O-H and C—H stretching 
bands from Acids II to Acids III, to the residue, and 
an increase in the band due to conjugated double 
bonds. For convenience, because of the minor 
differences in these three spectra, only the spectrum 
of the residue is given in Fig 6. Its spectrum is very 
similar to that of the unfractionated sludge. Ad- 
ditional data on the fractionated and unfractionated 
sludge are given in Table III and Fig 7. 


TABLE LIT 
Analysis of Oil Oxidation Products 


Oil Sludge Formula 
SAE 30 | Unfractionated, CHCl,- CyHy.3vOo15¥ 
| sol | 
SAE 30 | Acids I CyHyggvOo.21 
SAE 30 | Acids II Cyt 0-13" 
SAE 30 Acids 
SAE 30 | Residue | 
SAE 30 CHCI,-insols 
SAE 30 | Acids A CyHy1evOosoy | 


Fuel Oil 
Used Auto. Oil: | 


~ 


CHCI,-sol 0-199 


SAE 10 CHCI,-sol 
SAE 10 | CgH,-sol 
SAE 10 | Vacuum 


( ‘vH 1 


fuel oils. The sludge obtained from the semi-finished 
SAE 30 oil contained 1-8 per cent sulphur, but the 
infra-red spectra of the soluble portions of the sludge 
showed no evidence for sulphonic acids. In this oil, 
therefore, although some sulphonic acids may be 
formed and may catalyse sludge formation, they do 
not constitute an important part of the acids in the 
sludge. 

The purified sludge was separated into four fractions 
by the procedure of Denison and Clayton,?5 which 
consists of extracting with hot alcohol to give a 
filtrate containing ‘‘ Acids I,’’ and insolubles that are 
saponified with alcoholic KOH and filtered. This 
filtrate, after acidification, contains ‘‘ Acids II’; the 
insolubles are then acidified and extracted with 
alcohol to give “ Acids III” and a “ Residue.” The 
three acids generally constituted 10-25 per cent of the 
chloroform-soluble sludge. Acids I were soft gummy 
products which readily esterified and, at a concentra- 
tion of 0-13 g/cc, gave a red solution in chloroform. 


Titration Sapon. 


Starting Acid Sapon. | Hydroxy 

N equiv. N equiv. 

Pp No. No. No. 

wt wt 

18 28 2000 110 509 0°16 

33 72 780 120 468 0:60 

40 70 802 130 432 0°25 

54 1038 — 0-16 

3-5 No turning point in O15 
titration curve 

3-4 218 257 250 224 0-07 

31 104 539 

50 No turning point in 45 
titration curve 

4:8 107. | 527 174 322 | 

43 133 422 


Measurements were also made on the sludge 
accumulated in the SAE 10 oil during 2500 miles of 
normal service. The oil contained about 2 per cent 
solids which were separated by filtration and washed 
with petroleum ether. When this sludge was ex- 
tracted with chloroform or benzene in a Soxhlet 
apparatus, it disintegrated and diffused through the 
thimble, although it was shown by centrifuging that 
only about 8 per cent of it was actually soluble in 
chloroform and that even less was soluble in benzene. 
The insoluble portion consisted mainly of lead, present 
largely as lead chloride, with lesser amounts of lead 
bromide and lead oxybromide (PbO-PbBr,). The 
total lead, calculated as PbCl,, amounted to 70 per 
cent of the sludge; the balance was organic matter 
with a C:H ratio of 1: 1-25, together with iron 
(1-2 per cent) and spectroscopic quantities of copper 
and barium. 

The spectrum of the motor oil filtrate showed the 
presence of acids, alcohols, esters, and, probably, 
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ketones; it indicated a degree of oxidation of about 
1-0 cc O,/ce oil. The small extent of oxidation of the 
filtered oil is in agreement with the results obtained 
by Ventsel,?® who found that the spectra and mo- 
lecular weights of filtered used oils from a number of 
I.C. engines were nearly identical with the unused oils. 
The spectrum of the chloroform- or benzene-soluble 
sludge which was formed in the car engine (Fig 6) 
shows the presence of alcohols, acids, esters, and 
lactones. The spectrum is generally similar to that 
of the sludge produced by oxidizing the SAE 30 oil in 
the laboratory at a much higher temperature, except 
that the car sludge contained considerably more 
hydroxyl groups. The sludge produced by heating 
the filtered oil under vacuum was similar to the sludge 
formed in the car. 

The sludge which formed in a comparatively un- 
saturated (Iodine Number 25) domestic fuel oil after 
storage for a few months at room temperature had, 
as would be expected, a lower C: H ratio than the 
lubricating oil sludges. It contained acids, esters, 
and alcohols, and its spectrum was similar to that of 
the car sludge. On the other hand, the spectrum of 
the sludge prepared by oxidizing the fuel oil at 140° C 
was more similar to the laboratory-prepared lubricat- 
ing oil sludges. The sludge precursors were not as 
soluble in light fuel oil as in lubricating oils. 


DISCUSSION 


Although alkalis were oxidation catalysts for all of 
the oils studied in this work, it is known that they 
can also act as inhibitors with certain hydrocarbons, 
eg. paraffin wax.?? The actual mechanism of 
catalysis or inhibition is not known, but presumably 
in one case alkali promotes the formation of free 
radicals, and in other cases either destroys the free 
radicals or prevents their formation. It should, of 
course, always be remembered that oxidation per se 
is not necessarily bad for an oil; whether it is or not 
will depend on whether the oxidation products are 
harmful. 

Acid numbers have in the past often been used to 
measure the degree of oxidation of an oil. However, 
a plot of acid number against the volume of oxygen 
absorbed was concave towards the oxygen axis, 
particularly below 2 ce O,/cc oil. This meant that 
the relative proportion of acidic oxidation products 
decreased with increasing oxidation and that care 
should be used when estimating the degree of oxida- 
tion indirectly. 

From a practical point of view, the pH of an oil is 
of much greater importance than its acid number.’ 
Table I shows that an alkaline oxidized oil maintains 
a high pH even at large acid numbers, i.e. the oil 
remains non-corrosive. A normal oxidized oil, on the 
other hand, reaches a low pH and becomes corrosive 
while its acid number is still small (see Table I and 
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Fig 3). Sludge has higher acid and saponification 
numbers than the oil in which it is formed, and there- 
fore the acid and saponification numbers of a used oil 
are reduced by filtration.2* It has been observed that 
the formation of sludge may, in fact, be sometimes 
accompanied by an actual decrease in acidity ?* 
(see also Table IT). 

The infra-red spectra showed that acids, alcohols, 
esters, ketones, y-lactones, and anhydrides are pro- 
ducts of oil oxidation and components of sludge. 
Separation of the sludge into several fractions and 
analysis of these fractions showed that they contained 
acids with more than two oxygen atoms per molecule, 
a part of the excess oxygen being present as hydroxyl 
groups. It seems probable, therefore, that the major 
sludge precursors are “ oxy-acids”’ containing hydroxyl 
groups. The formation of such difunctional oxidation 
products, even at low degrees of oxidation, suggests 
that they must be produced from the initially formed 
peroxy radical. A probable mechanism would be an 
intra-molecular hydrogen abstraction to give a hydro- 
peroxide radical, 


—> R-CH-CH,CH-R’ 
O—0: O—O—H 


followed by further oxidation to give a difunctional 
product. Intra-molecular hydrogen abstractions of 
this type will particularly favour 1 : 3 oxidation where 
the geometry of the reaction is most favourable. The 
formation of y-lactones is thus readily explained. 

Hydroxy acids can undergo various dehydration 
reactions, whilst inter-molecular reaction will give 
esters and anhydrides and intra-molecular reaction 
will give lactones and probably unsaturated com- 
pounds. The inter-molecular esterification will, in 
general, involve more than two molecules of acid and 
will lead to the formation of chloroform-soluble, 
hydrocarbon-insoluble, linear polyesters. As the 
oxidation progresses, the molecular weight of the 
polyesters will increase both by linear growth and by 
cross-linking with other polyester molecules to give 
chloroform-insoluble polymers. Since the oxy acids 
composing the sludge are highly unsaturated, cross- 
linking probably occurs mainly by a “ drying” 
mechanism similar to that observed in the drying oils. 
This is supported by the analytical data in Table III, 
which show that the insoluble sludge contains 
relatively more oxygen than the soluble. 

The spectra of the normal oxidized oils showed that 
they contained increased numbers of conjugated 
double bonds, which was in agreement with the visual 
observation that the oils darkened rapidly on oxida- 
tion and is consistent with the low C : H ratios in the 
sludge. The mechanism by which conjugated systems 
are formed probably depends on the fact that the 
oxidation of unsaturated compounds predominantly 
occurs « to the double bond **; subsequent intra- 
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molecular dehydration could then lead to the develop- 
ment of a conjugated system. At all events, the 
darkening of lubricating oils and the formation of 
dark-coloured sludges would appear to be associated 
with the unsaturated components of the oils, since 
fully saturated hydrocarbons do not generally darken 
appreciably on oxidation. For example, paraffin wax 
can be oxidized until it contains 50 per cent or more 
of fatty acids with very little discoloration or polymer 
formation.*® Moreover, it was found in the present 
work that a highly refined medicinal oil would absorb 
10 ce O,/ce oil with only a 4 per cent loss of trans- 
parency and without sludge formation, although its 
spectrum showed that both esters and lactones were 
produced. This seems to provide further evidence 
that sludge is formed by prolonged oxidation and 
“drying” of unsaturated polyesters produced from 
the hydroxy acids. The formation of cross-linked 
polymers would also explain why the sludge is not 
completely destroyed by treatment with alkali, as 
would be expected if the sludge were entirely poly- 
ester. 

The inhibition of sludge and varnish formation by 
strong bases can now be readily explained. Neutrali- 
zation of the carboxylic acids produced by hydro- 
carbon oxidation prevents the formation of the esters 
which are the major components of sludge and varnish. 
However, many of the data obtained in this work 
suggest that the action of bases is not confined to 
a mere neutralization reaction. For instance, the 
bleaching action of bases must be the result of oxygen 
attack directed at or near conjugated double bonds 
with probable C-C bond scission. Moreover, Acids A 
are more saturated than the sludge acids, and it can 
therefore be concluded that bases reduce the tendency 
which the oxygenated products otherwise exhibit of 
undergoing further oxidation to more unsaturated 
compounds. 

Various interesting speculations can be made from 
the data in Table III about the oxy-acids that are 
the major components of sludge. For instance, the 
formulz of the saponification products of Acids I and 
IT are and Cog respectively, 
which suggests that the major sludge precursors are 
oxy-acids with 1 or 2 fewer carbon atoms/molecule 
than the original oil (C,,H,;), i.e. the acids are pro- 
duced by oxygen attack promoting bond scission 
between the « and @ carbon atoms, and to a lesser 
extent between the 8 and y atoms, of the hydrocarbon 
chain.** A rather less important sludge precursor 
also seems to be formed by random oxygen attack on 
the hydrocarbon molecule to give acids containing an 
average of 14 or 14-5 carbon atoms/molecule. Acids I, 
IT, and III, the residue, and the chloroform-insoluble 
sludge are presumably formed progressively by a 
succession of esterification reactions involving both 
the C,, and the smaller units. Unfortunately 
sufficient data are not available to confirm this 
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suggestion, and the complete elucidation of the 
successive steps in sludge formation will undoubtedly 
be delayed until many pure hydrocarbons have been 
studied. 

The low equivalent weight of Acids A is due to the 
fact that the low molecular weight acids cannot 
evaporate from the oil during oxidation in the 
presence of alkali. Acids I would, therefore, be 
expected to contain 14:5 carbon atoms/molecule, 
irrespective of the position of oxygen attack. The 
measured formula, C,;.H».;0,., is in good agreement 
with theory. 

The yields of oil-insoluble sludge and chloroform- 
soluble products obtained from the used motor oil are 
in agreement with the results of earlier work on I.C. 
engines run under moderately low temperature 
conditions.**.33 The infra-red curves and C-H 
analyses obtained in the present work support the 
suggestion **.33 that the chloroform-soluble fraction 
of the sludge was formed by oil oxidation and the 
balance (90 per cent) was due to the blow-by products 
of fuel oxidation (i.e. partially-oxidized fuel, particles 
of soot, and inorganic salts derived from fuel additives) 
together with minor amounts of engine wear products 
and dust. The spectrum of the chloroform-soluble 
sludge showed that it contained relatively more 
oxygen in hydroxyl groups and less in ester and 
carboxyl groups than the benzene-soluble sludge. 
This was confirmed by the hydroxyl numbers and by 
potentiometric titration. The car sludge has a higher 
pH than the sludge prepared in the laboratory, which 
is in agreement with the earlier observations that low 
temperature sludge is neutral,*? whereas high tem- 
perature sludge or varnish is very acidic.?5:33 Raising 
the temperature of oil oxidation therefore increases 
the relative amount of C-C bond scission, as would be 
expected. The low equivalent weight of the vacuum 
sludge formed by heating the filtered motor oil in the 
absence of oxygen suggests that it may have been 
‘formed by condensation of low molecular weight, oil- 
soluble, blow-by products. 

It has been suggested that piston ring lacquer in 
LC. engines arises from a condensation reaction on hot 
surfaces either of the polymerizable components of 
partially oxidized fuel (mainly C, hydroxy acids) ** or 
of the hydroxy acids produced by oil oxidation.?® 
The distinction between the two sources of hydroxy 
acids is probably quite artificial, as they will behave 
in the same way and, in the majority of engines, they 
will be formed from both sources. It has been 
shown *°:*4 that oxy acids begin to deposit when their 
concentration rises above their miscibility in oil 
(0-2 per cent). This agrees with the present ob- 
servation that sludge is deposited after the absorption 
of about 0-5 ce O,/ce oil (which corresponds 0-3 per 
cent acids of formula C,,H;,0, formed by the reaction 


CapH;; + 30. —> C.,H;,0, + H,O + HCO,H) 
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and that the filtered used motor oil showed a similar 
degree of oxidation. The hydroxy acids from the 
blow-by in an I.C. engine can also be dissolved by the 
oil. The deposition of sludge and varnish from this 
source can therefore be reduced by the neutralizing 
action of bases contained in the oil. This is, in fact, 
the mechanism of operation of many anti-lacquering 
oil additives.® 

Finally it is interesting to note that there is a close 
similarity in the C:H:0O ratios for a number of 
sludges, varnishes, gums, etc., formed by the oxi- 
dative deterioration of a variety of petroleum pro- 
ducts.1:25. 32, 33,35 Tt can therefore be concluded that 
there is an underlying unity to all oxygen-induced 
low temperature hydrocarbon polymerizations, but a 
complete understanding of the mechanisms involved 
will have to await a detailed study of many pure 
hydrocarbons. 
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EVALUATION OF ANTI-SEIZING AND RECOVERY-FROM-SEIZURE 
PROPERTIES OF E.P. LUBRICANTS BY THE FOUR-BALL TESTING 
MACHINE * 


By C. PALEARI,+ A. GIRELLI,+ and C. SINIRAMED + 


SUMMARY 


The paper sets forth and discusses the results of tests made with the four-ball E.P. testing machine by a method 


which enables one to assess the anti-seizing as well as the recovery-from-seizure properties of E.P. oils. 


The 


method tests the oil only in the range of applied loads at which seizure occurs and where the E.P. additive 


becomes effective. 


The results cover a series of samples obtained by adding to the same base oil E.P. additives of different com- 


position (compounds of sulphur, chlorine, phosphorus, and lead soaps). 


The best results were achieved with 


sulphur additives, which do, nevertheless, reveal a certain extent of corrosivity on metal surfaces. 


THE mean Hertz load (M.H.L.) value alone does not 
suffice for a stringent evaluation of lubricant E.P. 
characteristics. 

In effect, a low seizing load but high welding load 
oil (i.e. one with good recovery capacity after seizure) 
could be classified more or less equal to an oil with a 
high seizing load but low recovery capacity. The 
latter lubricant may in practice be preferred, for 
certain uses, to the former oil. In plant working 
under high but unvarying loads, high seizing load oils 
will obviously ‘be preferred, whereas in plants subject 
to considerable sudden overloads (e.g. marine pro- 
peller reduction gears) a high recovery capacity after 
seizing may rate first in selecting the oil. 

These considerations have persuaded the authors 
that for any E.P. evaluation of an oil it is necessary 
to know the minimum seizing load (hence the maxi- 
mum specific load borne without seizing), as well as 
the recovery capacity after seizing at high loads. 

The determination of the first seizing load should 
provide a guide to the oiliness characteristics of the 
oil. The first seizing load does, in effect, tally with 
the minimum load required to break the film existing 
between the contacting surfaces and is, to a great 
extent, connected with the forces with which the 
lubricant molecules adhere to the metal surfaces. 

The recovery-from-seizure properties could instead 
be represented by an ‘‘ E.P. index number ”’ obtained 
from the average of several values determined 
at loads above the minimum seizure load. 

Runs carried out at loads below the first seizure 
load, where lubricating conditions are still far from 
the critical point, are of no practical value, in the 
authors’ opinion, in the evaluation of an E.P. 
lubricant. 

The ‘‘E.P. index number” computed from the 


average value of the ‘ corrected load *’ corresponding 
to ten runs performed (including that of the first 
seizure load) should give the true assessment of the 
tested oil's load-carrying capacity. This figure 
represents the load required to produce a 1 mm 
diameter scar on the lower balls, and is expressed in 
kg. The higher this value is, the greater is the pro- 
tection against seizure given by the lubricant. This 
value cannot be obtained for oils which do not contain 
E.P. additives. In such a case, indeed, it is prac- 
tically impossible to continue runs above the first 
seizure load. 

The breakdown of the oil film without recovery- 
from-seizure engenders formation of a very large scar, 
and despite an appreciable decrease in the pressure 
because of increased area of contact, which permits 
lubrication to be established again, friction remains 
extremely high. 

From the above considerations the authors have 
developed an accelerated method which differs from 
the M.H.L. determination carried out according to the 
different procedures proposed!“ in that, as seen, it 
disregards runs made at loads below the first seizing 
load. 


TEST PROCEDURE 
(1) Ascertainment of Minimum Seizing Load 


A 10-see run is made under a 100-kg load, followed 
by runs at increasing loads (112, 126, 141, etc.) until 
the first seizure occurs. If seizure occurs under a 
load lower than 100 kg, other 10-sec runs are made at 
decreasing loads (89, 79, 71, etc.). It has been 
thought wise to start runs at a somewhat low load 
(100 kg) so that even if non-E.P. oils are handled, the 
machine will not be unduly stressed owing to im- 
mediate seizing without recovery. 


* MS received 24 October 1957. 
+ Stazione Sperimentale per i Combustibili presso il Poli- 
tecnico, Milano, Italy. 


t The “corrected load” is expressed by where: 


L = applied load, kg; Dh = Hertz line diameter, mm; 
a = measured diameter, mm. 
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Having identified the minimum seizing load, this 
value will be confirmed if, repeating the run a second 
time, seizing does actually occur as expected. 


(2) Determination of “ E.P. Index Number” 


Having ascertained the minimum seizing load, a 
further nine runs are made under increasing loads 
(using the same sequence of loads as for the M.H.L. 
test). 

The series of runs can be performed without reach- 
ing welding load, or may be stopped by this load 
being reached before completion of the series. In the 
latter case other data are obtained until all nine runs 
have been made, using intermediate loads (see 
Table I), ranging from the first seizing load and the 
welding load. 


TaBLE I 
Applied load Applied load, 

178 87-40 261 | 145-6 
185 | 92-03 271 153°1 
193 | 97°37 | 282 161-6 
200 102-2 293 169-9 
208 1076 | 304 178-4 
216 | 113-1 316 188-0 
224 | 1187 329 198°3 
233 | 1252 | 342 | 208-8 
242 1316 355 219-4 
251 138-3 | | 


This is the case with oils characterized by a high 
seizing load (about 200 kg), where actually the interval 
between initial seizing load and welding load is 
generally small. The mean of the — values for the 
ten runs performed represents the ‘ E.P. index 
number.” This value appears more influenced by 
changes in the oil's E.P. qualities than does the 
M.H.L. value. Table II shows the values ascertained 
for seven E.P. oils of different composition tested with 
the two methods. 


TABLE II 
| 
| 79-4 | 68°5 | 71-6 | 69-8 | 41-4 71-2 | 77°3 
E.P. index | 
number. 70°5 | 82°5 | | 36-2 | 52-8 | 79-6 
Min. seizing 
load, kg | 158 | 100 141 | 126 | 71 | 193 | 158 
| | 


It can be seen that oil G reveals very clearly its poor 
recovery capacity, together with an excellent ability 
to withstand seizing. 

To check the reliability of this method of evaluation, 
the E.P. qualities of some oils, containing additives 
from among those commonly used, were tested. 

This was also intended to give a series of practical 
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values which could be used to rate the E.P. qualities 
of an oil within a determined range of values. 

The additives examined were based on organic 
compounds of chlorine, phosphorus, sulphur, and 
metal soaps. Particular attention was turned to the 
action of a metal soap alone and combined with 
sulphur; that of chlorinated paraffins; the combined 
action of sulphur and chlorine; and of sulphur with 
chlorine and phosphorus. 

The additives were tested dissolved in a quantity of 
8 per cent by weight in a base oil, consisting of a blend 
of solvent refined oil and bright stock. The base oil 
characteristics are reported in Table III. 


Taste III 
Specific gravity at 15°/4° C 0°894 
Flash point (P.M.) . 256° C 
Engler viscosity at 50°C . , ‘ . 20°7 
Engler viscosity at 100° C , P . 36 
Viscosity index ‘ 102 
Conradson carbon . 044% 
Ash ‘ . Traces 


Organic acidity (neutralization number) . 0-02 mg KOH/g 


The following oil samples were tested : 


(1) base oil without additive; 

(2) base oil -+- lead naphthenate (32% Pb); 

(3) base oil +- lead naphthenate + 0-5%, ele- 
mental sulphur; 

(4) base oil + chlorinated paraffin (40%, Cl); 

(5) base oil + additive A, containing sulphur 
(8-5°%), chlorine (26°), phosphorus (0-55°%) ; 

(6) base oil + additive B, containing sulphur 
(5-15%), chlorine (21°), phosphorus (0-33%); 

(7) base oil + additive C, containing sulphur 
(58%) and chlorine (29-4%). 


Of these, sample (3) was prepared by adding the 
required quantity of sulphur flowers at about 120° C. 

The test results are given in Table IV, and Fig 1 
gives the wear-load diagram. As can be observed in 
Table IV, on some samples more than the established 
ten tests were made. This was done to observe the 
performance of the oil under higher loads also. The 
E.P. index number ”’ has nevertheless been com- 
puted from the average of the first ten tests in 
ascendant order. 

From the results obtained the following considera- 
tions can be deduced: 


(1) With oil containing no additive the assay 
cannot be continued beyond the first seizing load. 
This fact confirms that the evaluation of E.P. 
additives should be carried out at load levels 
above the minimum seizing load. It is actually 
impossible to assess the anti-seizing properties of 
any oil without operating under seizure conditions. 

(2) Just as there is, for every oil and every 
lubricating system, a temperature at which the 
oil breaks down,® so there is a temperature at 
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TaBLE IV 
| | Of2 | Oil 3 oi4 | | O16 Oil 7 
kg | LDh, x, LDh,| LDh| %LDh| LDh| x, LDh 
| mmm x mm x mm xr mm a |mm  ¢ mm x | mm x 
89 | 0-478 
100 2-020 20-0 0-496 81-6 | 0-459 88-2 
112 1-212 389 | 89-0 | 0-756 62-4 
126 1-424 388 | 0:563 981 | 0-852 64:8 0-477 115-7 
| 1-452 44-0 | 0-639 100-1 | 0-876 730 | 0°776 0-477 134-2 
158 1-570 47:5 | 0639 1168 | 0-908 82:2 | 0-832 89:6 0-573 130-5 
178 50:5 | 0-682 1281 | 1-036 84:3 | 0-965 90°55 | 1-110 789 | 0-603 133-9 
(185) | 1-781 516 1-032 
(193) 2-038 47-8 1932 50-4 | 1-610 605 
200 1-831 55°9 | 0-898 113-9 | 1-905 53-7 | 2020 50:5 | 1-700 60-1 | 0-776 131-9 
(208) 1870 2026 
(216) 2143 52:8 | 1-705 66-4 
224 2°630 45:1 | 0-861 | 2145 | 2115 56-1 | 1-695 70-0| 1187 1000 
(233) 2-208 56°7 
(242) 2-250 58:5 | 1822 72-1 
163-2 | 2-275 60-9 | 2-365 58:5 | 1832 | 1-234 103-6 
(26 
(271) | 
0-926 | 3-000 53-9 2140 75:5 | 1-260 128-1 
(29: 
(304) 
316 | 0-961 195+7 2-265 82-9 | 1381 136-3 
(329) | | 
(342) | | 
355 1003 | 2735 80:3 | 1300 168-5 
398 | 1-030 248-0 | 1-495 1705 
447 | | 15130 264-0 
number | | | 
Min. seizing | 89 2 100 1260 
| | | 


load, kg 


Scar diameter mm 


= 
I | 
40 50 63 100 1260188 200 36 398 80! 
Applied load kg 
Fie 1 


WEAR-LOAD DIAGRAM FOR THE SEVEN OILS TESTED 


The lines in this figure are based on the data given in Table IV. 
Hertz line drawn according to ref.! 
Compensation line drawn according to ref.‘ 


which each E.P. additive begins to be effective. 
This temperature is reached at the expense of 
friction heat generated between the surfaces 
when seizure occurs. 


The temperatures are higher or lower according 
to that at which the additive comes into action, 
and linked with the additive’s chemical stability. 
Chemical attack occurs with greater or less ease, even 
when the additive contains the same _ elements, 
according to whether these react more or less readily 
with the metal surface. The temperature required 
for the additive to go into action, and the rate of the 
additive-metal surface reaction, are factors which, 
together with the applied load, determine the wear- 
spot diameter on the balls. 

The lower the temperature at which the additive 
starts operating and the quicker the chemical attack, 
the smaller will be the area of contact on the balls. 

In looking at the wear-load diagram it can be seen 
that the same additive may behave differently ac- 
cording to the level of the applied load, i.e. the wear— 
load curve can reach the highest values in one or more 
steps (see samples (4) and (5)). At low loads a series 
of points is obtained corresponding to runs where the 
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scar remains relatively small and grows only in pro- 
portion with the applied load. At a given load value 
the scar becomes decidedly larger, and the wear—load 
curve shifts to a higher level zone, here retaining a 
similar slope to the previous one. 

This behaviour might be explained by admitting 
that the additive acts in a different manner according 
to the local temperature encountered (flash tem- 
perature). 


| 

(3) Base oil + lead naphthen- | 
| 

| 


ate + 05% S 4c slightly positive 
(4) Base oil chlorinated 
paraffins . ‘ la negative 
(5) Base oil + additive A e la ™ 
(6) Base oil + additive B oA la a 
(7) Base oil + additive C J ae slightly positive 


For additives containing more than one active 
constituent, chemical behaviour will differ with 
changes in temperature, t.e. first one of the active 
components will go into action, followed by the others 
one after another. 

In the case of sample (3) the curve retains the same 
slope. This sample contains free sulphur. The ease 
and rate of attack is such as to form a quite small 
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wear-spot even at very high loads. The type of 
chemical attack remains unchanged throughout the 
whole series of tests, and it is evident that the scar 
diameter is proportional to the applied load. This, 
however, confirms that the reactivity of a sulphur and 
chlorine base additive, and hence its good E.P. 
qualities, are related with corrosivity. 

The corrosive properties of the additive oils the 
authors prepared were determined according to the 
ASTM method,® although this method is valid only 
for compounds containing sulphur. The tests were 
performed with both copper and iron strips. 

Table V gives the results of this test. 

In the samples tested high “‘ E.P. index numbers ” 
were found for those samples which gave a positive 
result in the corrosion test. 

Both sample (3) and sample (7) actually showed a 
value of 4c on ASTM scale in the corrosion test. 
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other refiners 


Like so many U fle 


the world over 


CALTEX S.A.F. 
Bec di Middle East crudes. It has a coke burning capacity of 4,500 pounds per hour. = 
— Caltex, 8.A.F. is the French affiliate of California Texas Oil Company, Ltd. : 


foe UNIVERSAL PRODUCTS COMPANY | ; 


30 Aigonquin Road, Des Piaines, Illinois, U.S.A. 
of the Universal Representative in England: F. A. Trim, 
Oil Products Company Bush House, Aldwych, London W.C. 2 
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General Purpose 
Analogue Computor 


The extended range of non-linear computing units 
now available increases the versatility of the compact Short 
Computor. Write for Data Sheets on these units. 


variable time switch unit 


This unit permits the solution of problems in 
which the coefficients are changed from one 
discrete value to another, either after a given 
time or when a variable reaches a pre- 
determined value during the period of 
computation. 

The unit will therefore find application to 
problems in which a simulation is required of 
transient performance under abruptly 
changing conditions, or to problems involving 
integration between two limits. 


servo multiplier unit 


This unit supple- 
ments the HIGH 
SPEED MULTI- 
PLIER UNIT. It 
permits four 
separate variables 
to be multiplied 
by one common 
variable. 


NEW! another outstanding instrument from the same team 


the low-frequency decade oscillator 


This oscillator has been designed for testing 
servo-mechanisms and electrical systems where 
inputs of extremely low distortion and accurate 
amplitude are essential. It employs three 
drift-corrected computing-type amplifiers to 
generate a sinusoidal oscillation in the range 
0.01 to 110 c's, according to the setting of the 
3-decade frequency control. ‘‘Step’’ and ‘‘Ramp”’ 
functions may also be generated, and the total 
distortion is less than 0.5%. 


All enquiries to: Short Brothers & Harland Ltd., Computor Sales Department, 208a Regent Street, W.1. REGent 8716 
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THE AIR-OPERATED 
KLINGERMATIC VALVE 

gives a rapid opening and closing. ae 

Control of the valves is provided by j 

a small hand-operated valve or push . 

button, which can be situated 100 ft. or ff 

more away. A number of valves can be i 

Operated simultaneously by the same 

control, or a single valve can be con- 

trolled from more than one station. 


REMOTE GONTROL 
PISTON VALVES 


The Klinger Piston Valve readily lends itself to 
remote control by air and hydraulic operation, 
and as such Klingermatic Air or Hydraulically 
Operated Valves are ideally suited for remote 
control of filling lines, emergency valves, drop- 
out valves, etc. 


THE HYDRAULIC-OPERATED KLINGERMATIC VALVE 


gives positive control in any position and gradual opening and closing. 
Control of the hydraulic valves is provided by oil pressure, generated 
by a pump, which is transmitted to the operating cylinders through 
metering, reversing and selector valves. The selector valves can be 
either hand or electrically operated. 


RICHARD KLINGER LIMITED, KLINGERIT WORKS, SIDCUP, KENT. Telephone: Foots Cray 7777 
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WOODFIELD ROCHESTER LTD 
FRINDSBURY WORKS, ROCHESTER, KENT 


Phone: STROOD 78421 Grams: Woodfield Telex, Rochester 


London Office: 147 Victoria Street, $.W.1 


CHEMICAL AND 
PETROLEUM 


ENGINEERING EXHIBITION 


The comparatively new Woodfield W.V.5¢ 


CHEMICALE 
PETROLEUM 
ENGINEERING 

EXHIBITION RS 


__ H-2o drilling and servicing hoist and Kwik 


chassis equipped with an Ideco-Woodfiel 


OLYMPIA 18-28 JUNE 1958 Mast, as illustrated, is typical of th: 
range of IDECO equipment built under licence in the United Kingdom 
Flow Boom Equipment for loading and unloading of tankers, and th 
LeBus Counterbalanced Wire Line Spooling System are on show it 
London for the first time, together with a representative displa 


of Woodfield’s activities. 
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GROUND FLOOR, GRAND HAL 
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: 
FLOW BOX 
PRESSURE 0-200’ w.g. SET POINT 
TEMPERATURE 50°-150°r VALVE POSITION 


ONTROL 


ELECTROFLO METERS COMPANY LIMITED 
Factories: Abbey Road and Chase Estate, Park Royal and Maryport, Cumberland 
Grams & Cables: Elfiometa, London, Telex. 1 


4-INCH CHART (same recording width as 
a 12-inch circular chart). Instrument cut-out 
size only 63” x 6%”. 


4@ PRESSURE MOVEMENTS (2 Recording 
plus 2 Indicating). Ideal for Automatic 
Control. 


AUTOMATIC CHART PICK-UP and 
ECONOMISER, (Patented) Chart lasts for 
1,000 hours at }?” per hour. 


TRUE RECTILINEAR MOVEMENT 
of pens and Indicators. No more ‘‘arc”’ 
traces. 


Aninformative Leaflet No. S91 cover- 
ing the comprehensive range of 
Electroflo Recorders and Recording 

i Control Stations is available on 
request. 


Head Office: Abbey Road, Park Royal, London, N.W.10 
Telephone : Elgar 7641/8. 


Telex : No. 2-3196 
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45 cubic metre Pressure Vessel 


made for I.C.I. Billingham 
Division. Length 30 feet. 
Diameter 10 feet. Fabricated 
from Kynal M.35/1. Alu- 
minium Alloy 3” thick. One 
end dished and a rolled body 
cone and skirt. Argon Arc 
welded throughout. 


MARSTON EXCELSIOR in the Service of Industry 


Marston’s have unrivalled experience in the fabrication of light alloys—of all shapes and sizes. 
Their products have earned a reputation for efficiency and reliability that is world-wide. 


* Light Alloy Fabrication 

* Specialised Engineering Assemblies 
* Laminated Plastic Components 

* Flexible Tanks 

* Radiators and Heat Exchangers 


Tubular Heat Exchangers ie Oil Tank 


5 pass cross/contra type made for ity, 

18} feet. Diam. 234” inside. Header Length 14 feet. Diameter 7 feet. 
tanks are Aluminium Castings Fabricated from Kynal P3. 
of BS.1490 LM.20 alloy ” thick. Aluminium alloy 3” thick with 
Body rolled and welded from dished ends and a rolled plate 
PA.19 Aluminium Alloy Plate } body. Argon Arc welded 
thick. } throughout. Tested to withstand 
Tested to 75 p.s.1. an 18 foot head of water. 


(A subsidiary company of Imperial Chemical Industries Ltd.) 
FORDHOUSES, WOLVERHAMPTON. Tel: Fordhouses 3361 
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YORKSHIRE 
IMPER IAL @ Tubes in a wide range of copper and copper- 


base alloys such as Yorcalbro and Alum- 


bro (aluminium—brass), ‘‘ Yorcoron’’ and 
Kunifer 30A’’, Yorkshire ’’ 70/30 Cupro- 

Nickel and ‘‘ Kunifer Yorcunic and 
offer the most ae 


Kunifer 10°’, ete., for process heat ex- 


changers, condensers, coolers, reboilers, salt 


comprehensive range 


water evaporators, feed water heaters. 


of high quality 


@ End and Baffle Tube Plates up to the largest % 


i U B a S P B L A T E S sizes for process heat exchangers, etc., in a ” 


wide range of alloys including aluminium— 


& Fl ri T ] N G S bronze and manganese bronze; also bi-metal 


plates. 


(in copper and 


J Duplex (Bi-metallic) Tubes to meet dual cor- 


copper-base alloys) rosion problems. 
or the Small Bore Copper Tubes for instrument work, 
@ Small Bore C Tubes for i k 
steam tracer lines, etc. - 
petroleum 
@ = Tubes and Fittings for general engineering pipe- 
and allied lines, refrigeration and air-conditioning plant, 
air-blast switchgear and domestic engineering 
industries 


@ Plastic Tubes and Fittings. 


@ = Tubes and Fittings for Oil Tankers. 


When you specify or order Yorkshire Imperial you are 


assured of the highest quality products which will 
give reliable, trouble-free service; personal attention 


to your requirements, and the backing of a second- Gat ae 


to-none consultant technical service. 


YORKSHIRE IMPERIAL METALS LIMITED 


HEAD OFFICE—P.O. BOX 166, LEEDS 
TELEPHONE: LEEDS 7-2222 


Works :— 

YORKSHIRE . KIRKBY WORKS, . ALLEN EVERITT . FYFFE WORKS . LANDORE WORKS, . ANSON UNITS, . BARRHEAD W. RKS, a 
COPPER WORKS, LIVERPOOL WORKS, SMETHWICK, CAROLINA PORT, SWANSEA CASTLEFORD, GLASGOW : +: 
LEEDS Staffs. DUNDEE Yorks. 
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Transmission, wilh the now 


FOXBORO 
TEMPERATURE TRANSMITTER 


STABLE IN OPERATION a. 

HIGH IN ACCURACY 
FAST IN RESPONSE } 
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This scale model of a Kellogg catalytic reforming 
unit designed for Sinclair-Baker catalyst illustrates 
the detailed thoroughness of Kellogg services. 
The Kellogg organisation has developed a wealth 
of experience in engineering and constructing a 
large number of reforming units of different 
capacities using as many as seven different catalytic 
reforming process designs. The most recent Kellogg 
design for the highest octane reformates utilizes the 
Sinclair-Baker catalyst. 


The Kellogg organisation can deliver the precise 


catalytic reforming unit required for any specific 
individual refinery situation. The most recent ex- 
ample of this service was to design a unit which can 
operate oneither of two different catalysts depending 
on the reformate octane requirements, 

Refiners are invited to discuss with the Kellogg 
International Corporation the various applications 
of catalytic reforming process designs and the 
engineering changes necessary to modify their 
existing reforming units to accommodate an alternate 


catalyst required for higher octane reformates. 


Kellogg International Corporation 


KELLOGG HOUSE 7-10 CHANDOS STREET CAVENDISH SQUARE LONDON W.! 


SOCIETE KELLOGG ~- PARIS 


THE CANADIAN KELLOGG COMPANY LTD - TORONTO 
KELLOGG PAN AMERICAN CORPORATION - NEW YORK 
COMPANHIA KELLOGG BRASILEIRA * RIO DE JANEIRO 


COMPANIA KELLOGG DE VENEZUELA = CARACAS 


Subsidiaries of 


THE M. W. KELLOGG COMPANY 


NEW YORK 


= 
LEUM REFINERIES 


PETROCHEMICAL PLANTS 


| 
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C.F. 2 Single Bellows 
Pump Unit made by Crane 
Packing Ltd. The bellows 
and other components are 
made from ‘Fluon’ p.t.f.e. 


New pump made with ‘Fluon’ can now 
handle highly corrosive chemicals 


A Pump which has to handle corrosive chemicals has 
special problems of design. ‘Fluon’ polytetrafluoro- 
ethylene was able to solve these problems. All points which 
come into contact with these fluids in this new bellows 
pump have been made from ‘Fluon’. It can therefore 
handle all known chemicals and solvents except fluorine 
and molten alkali metals. The pump has been used for 
such highly corrosive liquids as mixed hydrochloric and 
nitric acid. It is also suitable for really pure liquids such 
as triple distilled water because the non-contaminating 
properties of ‘Fluon’ make it easy to keep clean. 

This use of ‘Fluon’ p.t.f.e. exploits its chemical inert- 
ness, toughness and flexibility. Bellows made from ‘Fluon’ 
are suitable for use as flexible connectors for pipes, sleeves 
and shaft stands which operate in contact with corrosive 


chemical solvents and lubricants. They have many uses in 
hydraulic power and control systems and in fluid pressure 
operated devices such as meters and governors. 

‘Fluon’ is non-adhesive, non-wetting and has a remark- 
ably low coefficient of friction. It is tough, resilient and 
flexible, with a very low permittivity and power factor 
and good dielectric strength. Its working temperature 
range is from —80°C. to 250°C. 

‘Fluon’ is every day finding new and invaluable uses in 
the petroleum industry. 


ON’ 


*Fluon’ is the registered trade mark for the 
polytetrafluoroethylene manufactured by I.C.1. 


fic IMPERIAL CHEMICAL INDUSTRIES LIMITED - LONDON - Wit 


: increases production in the Petroleum Industry—No. 2 ve 
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STABILAG 
HEATING 
MANTLES 


For accurate controls in distillation and fractionation 
operations, for high temperature work, and in con- 
cerns where steam or other heating medium are not 
available, Stabilag Electric Heating Mantles are 
the complete answer. 

Installation costs with Stabilag Mantles are negli- 
gible; also they have the great advantage of multi- 
zone heating which is arranged by tiers of circular 
elements operating independently and thereby giving 
heat exactly where it is required. Construction of 
these, as of all Stabilag products, is of the very high- 
est quality. Send for literature and full details to:— 


THE STABILAG CO. LTD. (Dept. C6), 
Mark Road, Hemel Hempstead, Herts. BOXmoor 4481 


STANDARD METHODS 


FOR 


TESTING PETROLEUM 


AND 
ITS PRODUCTS 
(Excluding Engine Test Methods for Rating Fuels) 


(SEVENTEENTH EDITION, 1958) 


788 pages Illustrated 


Price 40s. post free 


Obtainable from 


The Institute of Petroleum 
61 New Cavendish Street, 
London, W.1 
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Geared 
as a standard 
of comparison 


the world over! 


The Dresser Plus # is more than a catch 
phrase, It’s the personification of the basic 
business operating philosophy of inde- 
pendently-managed Dresser companies. As 
needed, their resources can be meshed together 
in a smoothly operating mechanism. In such 
cases, the specialized experience and facilities 
of each company are combined to bring about 
unified action. This Dresser Plus ¢ service is 


readily available from Dresser offices and 
representatives in the United States and over 
100 foreign locations. 

Geared together by Dresser Industries, Inc., 
these many diversified though allied facilities 
assure highly successful performance...make 
Dresser products and technical services for 
the oil, gas, chemical and electronic industries 
the standard of comparison the world over. 


TOMORROW'S PROGRESS PLANNED TODAY BY MEN WITH IMAGINATION 


TRIES, INC. 


F EQUIPMENT AND 
TECHNICAL SERVICES 


CLARK BROS. CO.—compressors & gasturbines DRESSER-IDECO COMPANY —steel 
structures DRESSER MANUFACTURING DIVISION—couplings THE GUIBERSON 
CORPORATION~—oil tools ¢ IDECO, INC.—drilling rigs LANE-WELLS 
COMPANY — technical oilfield services g& MAGNET COVE BARIUM CORPORATION 
—drilling muds ¢& PACIFIC PUMPS, INC.—pumps # ROOTS-CONNERSVILLE 
BLOWER DIVISION — blowers & meters g¢& SECURITY ENGINEERING DIVISION — 
drilling bits SOUTHWESTERN INDUSTRIAL ELECTRONICS— electronic instrumen- 
tation go WELL SURVEYS, INC.—nuclear and electronic research and development. 


OIL GAS CHEMICAL ELECTRONIC INDUSTRIAL 


REPUBLIC NATIONAL BANK BLDG. e¢ DALLAS, TEXAS 
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The long and the short of it is this: 
if you need a regular quick check on 
the head, weight or volume of any liquid, 
you need a Firth Cleveland Contents 
Gauge. The indicator can be mounted 
on the tank—any kind of tank— 
or hundreds of feet away. Several tanks 


4 
can be checked from a single oo AWW ‘ 
indicator, and the measurement will always 7 Ne 
« 


| 


be accurate—whatever the conditions. Firth 
Cleveland also provide high and low 
level warning devices and flameproof hydraulic 
gauges for control work. And their 
technicians are always on tap for tank 
calibrations and gauge installations. 


FIRTH CLEVELAND CONTENTS GAUGES give the right answer 


Manufactured by: FIRTH CLEVELAND INSTRUMENTS LTD. (A subsidiary of Simmonds Aerocessories Ltd.) 


Sales Dept: Byron House, 7-8-9, St. James’s Street, London, S.W.1. 
Head Office & Works: Treforest, Pontypridd, Glamorgan. A member of the Firth Cleveland Group. 
CRC24G 
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~ Procon has just completed con- 
struction of this 20,000 bbis. per 
stream day UOP Fluid Catalytic 
Cracking Unit for Ashland 
Oil & Refining Company at. 
Catlettsburg, Kentucky. 


Here at Procon we take a lot of satisfaction 
in all phases of our work as builders. Every- 
thing we do, from designing and engineering 
through each stage of construction, gives us 
that feeling of accomplishment which is so 
rewarding a part of any job well done. 


We only get our fullest measure of satisfac- 
tion, though, when the job is finished, 
faithfully done to every requirement of 
specification and time. 


Procon’s experienced organization plans and 
builds refineries, petrochemical and chemical 
plants anywhere in the free world. Youcancount 
On any project you trust to Procon being com- 
pleted to your true measure of satisfaction, too. 


PROCON 


BUSH HOUSE, ALDWYCH, LONDON. W.C. 2. ENGLAND 


PROCON INCORPORATED, DES PLAINES. ILLINOIS. U A. 
PROCON (CANADA) LIMITED, TORONTO 18. ONTARIO. CANADA 
PROCON INTERNATIONAL &.A., SANTIAGO DE CUBA 


WORLD-WIDE CONSTRUCTION FOR THE PETROLEUM, PETROCHEMICAL AND CHEMICAL INDUSTRIES 


satisfaction in building 
eomes only with the finished job 
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““Newallastic’’ bolts and studs have qualities which are absolutely unique. 
They have been tested by every known device, and have been proved to 
be stronger and more resistant to fatigue than bolts or studs made by 


the usual method. 
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Here's what 
you can do 
with the 


BAKER 
FULL-BORE 


RETRIEVABLE 


CEMENTER 


PERFORATE 
FRACTURE SWAB 
ACIDIZE AND 
CEMENT TEST 


or use it with a 
BAKER RETRIEVABLE 
BRIDGE PLUG 
for as many straddle 
operations as 
required... in 
ONE ROUND TRIP! 


A 
Run tools Release Plug, 
in together straddle interval, 
frocture 
or acidize 


Pick up plug, 
move to 
next interval 
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here’s why it does 
these jobs better... 


HOLDS HIGH PRESSURES 
FROM ABOVE OR BELOW 
Contains two sets of opposed 
“Rocker-Type Slips”. Once 
packing element is packed off, 
pressure from above or below 
is automatically transferred 
through the proper set of slips 
to the casing. 


FULL-BORE (Tubing !.D.) 
permits passage of instruments, 
or guns ; prevents “‘screen-out™ 
during fracturing operations. 


Baker Full-Bore 


Product No. 410 


OIL TOOLS, INC. 
HOUSTON ANGELES* NEWYORK 
Write for Catalog Supplements 319, 


322, 323 for complete information on 
these products and their applications. 
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Wow can rely orm 


In an age when Industry leans more and more towards “‘ Groups,” “* Divisions ’’ and ‘* Subsidiaries,” 
when the personal enquiry so often becomes the impersonal ‘‘ matter ’’ following a tortuous course 
through department after department, how refreshing to find ONE well-known independent Company 
with an unshakable belief in the value of PERSONAL ATTENTION. 


The letters B.P.A. are an abbreviation for “ Battery Personal Attention ""—which ensures that 
YOUR enquiry is dealt with by a responsible executive who believes that our Customers’ requirements 
are of paramount importance. 


That’s one reason why “ Battery ’’ Products are being so much used for important installations in the 


Nuclear Power, Electrical, Chemical, Shipping, Petroleum and General Engineering Industries. 


The high quality of our products is another reason. 


‘BATALBRA’ (Aluminium-Brass) TUBES & PLATES 
SBA TNICKON? sin) TUBES & PLATES 


(Five, Ten and Thirty) 


‘BATNAVAL?® (nosis) CONDENSER PLATES 


COPPER TUBES - BRASS & COPPER RODS 
Large or heavy TUBES & PLATES a speciality 


THE BIRMINGHAM BATTERY & METAL COMPANY LTD. | 
SELLY OAK -: BIRMINGHAM, 29 
STAND No. 4, ROW R, Ground Floor, National Hall, CHEMICAL & PETROLEUM ENGINEERING EXHIBITION 
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PRESERVATION 


Head of HAMMURABI King of 
Babylon Circa 1728-1686 B.C, 


IN THE MIDDLE EAST nature has buried and preserved traces of ancient cities and | 
palaces. The sands of Egypt overwhelmed the Valley of the Kings. Great | 
Empires which once flourished in Mesopotamia were reduced to mysterious 

mounds in the desert. Huge temples have eroded away while delicate writings 

on Papyrus have been preserved. 


It is a region of violence and contrast, presenting anew to the 20th Century its 
problems of preservation. Problems not alone of material preservation but in a 
broader sense—of the preservation of our standards of life. 


Fully aware of their responsibility to maintain an invariable standard of 
preservation inch-by-inch over hundreds of miles of pipeline, many oil Engineers 
insist on the use of ** BITUMASTIC ” coatings. The tough proving ground of 
the Middle East has demonstrated over the years, the wisdom of their choice. 


A list of leading Oil Companies using ** Bitumastic”’ products is given with technical =. a 
information in our Pipeline Data Booklet. Send for a copy today. Sb 3 


SPECIALISTS IN ANTI-CORROSIVE COATINGS 
SPECIALISTS IN PIPELINE PROTECTION 


H 133 WAILES DOVE BITUMASTIC LTD HEBBURN co. DURHAM 
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SPECIALISED TRANSPORT 
FOR THE OIL INDUSTRY ; 
built by 


TRAILERS 


Illustrated is a 3,500 gallon Fuel 
Oil Tanker Trailer built for the 
Iraq Petroleum Company. The 
trailer employs the famous 
CRANE tandem trailing axle 
gear. Tankers can be made to 
order, articulated or indepen- 
dent. 


Cranes also manufacture pipe-carrying trailers, 45-65 ton Low Loaders for transporting heavy 
machinery, and also standard trailers and semi-trailers for loads of 1-200 tons. 


PURANE: CRANES (Dereham) LIMITED 
DEREHAM, NORFOLK . ENGLAND. Telephone Dereham 278 9 d 


London Office: 14 STANHOPE GATE, LONDON W.1!. Telephone: Grosvenor 3210 


TRAILERS W.T. P.2. 


highest 
quality fittings 
for refinery 
and chemical 
plants 


STAND No. II 
1900 OR BOX TYPE ROW ‘D’GROUND FLOOR | 


CHEMICALE 
PETROLEUM 


Please write for 
bulletins which give full 

on each type of fitting. 


TEL. BRAINTREE 1491 
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STOCKTON-ON-TEES AND LONOON 


ASHMORE, BENSON, PEASE & COMPANY 


STOCKTON-ON-TEES LONDON 


ROSE, DOWNS & THOMPSON LIMITED 


HULL AND LONOON 


-GAS CORPORATION LIMITED 
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fed with filters! 
let’s sit down... 


Let’s sit down and talk about cricket, the weather... anything 
so long as it isn’t your confounded Simmonds Fram Separators. 


Sorry old man... didn’t mean to bore you. 


That’s quite all right. Delighted to know the R.A.F, 
is getting up to date. So you actually 
fly your planes on kerosine now instead of water! 


Very comical! Anyway, it’s not 

the whole point. I admit the main object of 
Simmonds Fram Separators is to remove 

all the water, but they also take out the solids. 


Little strips of erk, for instance? 


... Anything down to 5 microns. 


That gives me a big kick. 
Which is more than I can say for this brew... 


There you are. Now if we could persuade Sally 
to fit Simmonds Water Separators to the barrels... 


the point of the argument... FRAM SEPARATOR FILTERS 
for clean water-free fuel 


For more details of this and other Simmonds products 

for the aviation industry SEND FOR LITERATURE to 
SIMMONDS AEROCESSORIES LTD. 

Byron House, 7-8-9, St James's Street, London, S.W.1, 

Head Office & Works: Treforest, Pontypridd, Glamorgan. 

Also Birmingham, Manchester, Glasgow, Stockholm, Copenhagen, 
Ballarat, Sydney, Johannesburg, Amsterdam and New York, 


A MEMBER OF THE FIRTH CLEVELAND GROUP (fc) 
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Fusion-welded settling tanks, at Coryton 
refinery; for which Babcock supplied over 90 
pressure vessels and 30 vertical columns. 


(Above) Type-FP oil-fired Integral Furnace boiler as an outdoor-type installation, at Fawley refinery. -— 


WS 


Babcock & Wilcox Ltd. is outstandingly well been Babcock fusion-welded, including the giant heat- 
equipped in experience, techniques and manufactur- exchangers of Britain’s first atomic powerstationsand 
ing facilities to meet the demands of the oil and a large number of treating towers for the world’s oil 
chemical industries for complete steam-raising refineries and chemical plants. The Company has, 
plants, pressure vessels (in mild-steel or clad plate), indeed, an exceptional experience of fabrication by 
separately-fired superheaters, heat exchangers and fusion-welding and, as the world’s largest maker of 
waste-heat utilization plant. steam-raising plant, has a thorough understanding 

Many of the world’s largest pressure-vessels have of the principles and problems of heat-exchange. 


BABCOCK & WILCOX LTD. BABCOCK HOUSE, 209 EUSTON RD. LONDON, N.W.|I. 


Oil-firing equipment on type FH boiler, Type FH, oil-fired, Integral Furnace boiler Typical Babcock heat-exchanger for service 
Fawley refinery. as an outdoor installation. in an oil-refinery. 
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over 1.000.000 tons/yr. 


petrochemical know-how 


e butadiene 


butyl rubber 


e ethylene 


e dodecyl benzene 


‘hydrogen 


methanol 


e urea 


More than twenty FW process installations totalling more than a million 


tons capacity per year are now in operation or under construction. 


This specialized know-how—encompassing design, engineering, 


fabrication and erection all over the world—gives Foster Wheeler a firm 


foundation for serving the requirements of all producers planning 


process facilities in the expanding petrochemical industry. 
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Ebbing strength 


A century of severe storms may do less damage than a few years’ 

exposure to marine corrosion. Unseen and often unsuspected, corrosion works 
insidiously, changing the character of a material, sapping the strength 

on which the designer relied. Where strength must endure in 

the face of corrosive attack, alloys with an inherent resistance 


must be used, The Wiggin range of corrosion-resisting alloys 
includes not only materials that have stood the test 
of time but also new materials developed to solve 
specific corrosion problems. 


WIGGIN 


KNOW NICKEL ALLOYS 


HENRY WIGGIN AND COMPANY LIMITED + WIGGIN STREET - BIRMINGHAM 16 aX 


Atmospheric and Vacuum Distillation Units 


Combined Distillation, Gracking, Reforming and 
apour Phase Treating Units 


ressure Distillate Re-run Units 


asoline Recovery and Stabilization Units 


pactionating Columns and Tube Stills 


ax Refining, Sweating and Moulding” 


‘A. F. CRAIG & COMPANY LIMITED 


CALEDONIA ENGINEERING WORKS + PAISLEY + SCOTLAND 


LONDON OFFICE: 727 SALISBURY HOUSE - LONDON WALL - E.C.2 - PHONE MATIONAL 3964 
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